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Background: Tyrosinase is the most prominent target for inhibitors of hyperpigmentation
because it plays a critical role in melaninogenesis. Although many tyrosinase inhibitors have
been identified, from both natural and synthetic sources, there remains a considerable demand
for novel tyrosinase inhibitors that are safer and more effective.

Methods: (E)-2-Benzoyl-3-(substituted phenyl)acrylonitriles (BPA analogs) with a linear
B-phenyl-o,B-unsaturated carbonyl scaffold were designed and synthesized as potential tyrosi-
nase inhibitors. We evaluated their effects on cellular tyrosinase activity and melanin biosynthesis
in murine B16F10 melanoma cells and their ability to inhibit mushroom tyrosinase activity.
Results: BPA analogs exhibited inhibitory activity against mushroom tyrosinase. In particular,
BPA13 significantly suppressed melanin biosynthesis and inhibited cellular tyrosinase activity
in B16F10 cells in a dose-dependent manner. A docking study revealed that BPA13 had higher
binding affinity for tyrosinase than kojic acid.

Conclusion: BPA13, which possesses a linear B-phenyl-o,B-unsaturated carbonyl scaffold,
is a potential candidate skin-whitening agent and treatment for diseases associated with
hyperpigmentation.

Keywords: (E)-2-benzoyl-3-(substituted phenyl)acrylonitriles, melanogenesis, tyrosinase
inhibitor

Introduction

Melanins are multifunctional heterogeneous biopolymers that are widely produced
by animals, plants, and microorganisms, including bacteria and fungi.!> Melanin
pigments are classified into three main groups, ie, eumelanins and allomelanins,
which are brown to black, and the yellow to reddish-brown pheomelanins.*> These
pigments are responsible for the most striking polymorphic traits of humans and
play critical roles in the camouflage and thermoregulation of animals. Moreover,
eumelanin is the most important photoprotective factor and functions as a broad
band ultraviolet absorbent, antioxidant, and radical scavenger in human skin.®®
Eumelanin primarily consists of indole-type units, whereas pheomelanin is formed
by the oxidative polymerization of cysteinyl conjugates of 3-(3,4-dihydroxyphenyl)-
L-alanine (L-DOPA). The common pathways of eumelanogenesis and pheomel-
anogenesis involve oxidation of L-tyrosine to L-dopaquinone, which can undergo
further oxidation to dopachrome.>*'* On the other hand, allomelanin is synthe-
sized by the oxidation of nitrogen-free phenols in plants and microoragnisms.!!
Tyrosinase (EC 1.14.18.1), a type 3 dinuclear copper-containing metalloenzyme,
exhibits the activities of monophenolase and diphenolase. It is widely distributed
in nature'>!3 and plays a critical role in the biosynthesis of melanin pigments. In
the melanogenesis pathway, tyrosinase catalyzes steps involving the hydroxylation
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of L-tyrosine to L-DOPA, and the subsequent oxidation to
the corresponding o-quinone.'*" In addition, mammalian
tyrosinase has been shown to catalyze a third reaction in
melanogenesis, ie, the oxidation of 5,6-dihydroxyindole
to indole 5,6-quinone.'*

Although skin melanin is an efficient photoprotective fac-
tor, melanin hyperpigmentation in specific skin regions, such
as melasma, freckles, and lentigo, can become an esthetic
problem.!” Furthermore, undesirable enzymatic browning
of fruits, vegetables, and some shellfish results in nutrition
and quality losses.'®!? Because tyrosinase is the key regulator
of melanin production, it is the most prominent target for
inhibitors of hyperpigmentation.?-!

A great number of tyrosinase inhibitors, both natural
and synthetic, have been identified. However, their practical
uses as therapeutics and cosmetics are limited by insufficient
activity or safety concerns.?> For example, hydroquinone
is one of the most frequently prescribed skin-whitening
agents, but it causes skin irritation and is believed to be
mutagenic to mammalian cells.? In the case of kojic acid,
Japan’s health ministry has ordered cosmetics companies
to stop selling products containing it due to concerns about
potential carcinogenicity.?* Therefore, there remains a need
for novel tyrosinase inhibitors that are safe and effective.
Recently we reported that the B-phenyl-o,B-unsaturated
carbonyl group is essential for anti-tyrosinase activity.?
Compounds [-IV (Figure 1), which contain this group,
all exhibited good inhibitory activity against mushroom
tyrosinase and skin-whitening effects in vivo.>?® These
compounds possess a five-membered ring, and the carbonyl
and o-carbon of the B-phenyl-o,B-unsaturated carbonyl
group constitute parts of this ring. Initially, an expansion of

barbituric acid, was attempted to increase anti-melanogenic
efficacy in vitro and in vivo. Disappointingly, this ring
expansion reduced tyrosinase inhibition. Alternative
approaches to identify novel compounds with a potent anti-
tyrosinase effect resulted in the construction of a “linear”
B-phenyl-o,B-unsaturated carbonyl scaffold, not fused
with a ring. In particular, the (£)-2-benzoyl-3-(substituted
phenyl)acrylonitrile derivatives, BPA1-BPA13, bearing a
linear o,B-unsaturated carbonyl scaffold (Figure 2) were
synthesized and their inhibitory activities against tyrosinase
were examined.

Materials and methods

Materials

BPA1-BPA13 were synthesized in our laboratory. Mushroom
tyrosinase, 3-(4-hydroxyphenyl)-L-alanine (L-tyrosine),
L-DOPA, 5-hydroxy-2-hydroxymethyl-4H-4-pyranone
(kojic acid), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-
tetrazolium bromide (MTT), alpha-melanocyte-stimulating
hormone (a-MSH), phenylmethylsulfonyl fluoride,
4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol
(Triton™ X-100), dimethyl sulfoxide (DMSO), ethyl alco-
hol, potassium dihydrogen phosphate, potassium hydrogen
phosphate, benzoylacetonitrile, piperidine, sodium acetate,
and several benzaldehydes were purchased from Sigma-
Aldrich (St Louis, MO, USA). Dulbecco’s Modified Eagle’s
Medium, fetal bovine serum, trypsin, phosphate-buffered
saline, penicillin, and streptomycin were obtained from Gibco
Life Technologies (Carlsbad, CA, USA). All chemicals and
solvents were of analytical grade. The B16F10 mouse mela-
noma cell line was kindly provided by Professor Hae Young
Chung (College of Pharmacy, Pusan National University,
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Figure | Rationale for the design of BPA derivatives with a B-phenyl-o,B-unsaturated carbonyl scaffold.

Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.
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Figure 2 Synthetic scheme for BPAI-BPAI3. Reagents and conditions: sodium acetate, acetic acid, reflux for BPAI-BPA9; piperidine, ethyl alcohol, reflux for

BPAIO-BPAI3.
Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.

General procedure for synthesis of

BPAI-BPAI3
The procedure for synthesis of BPA1-BPA13 is shown in
Figure 2.

Method A

A suspension of benzoylacetonitrile (100 mg, 0.69 mmol), a
benzaldehyde (1 equivalent), and sodium acetate (169.5 mg,
2.07 mmol) in acetic acid (0.7 mL) was refluxed, cooled,
and then water was added. The precipitates of BPA1-BPA9
generated were filtered and washed with water and organic
solvents (methylene chloride and/or ethyl acetate), dissolved

in methyl alcohol, and recrystallized to give the pure desired
products.

Method B

A solution of benzoylacetonitrile (100 mg, 0.69 mmol)
and benzaldehyde (1 equivalent) in ethanol (3 mL) was
refluxed in the presence of piperidine (0.02 mL, 0.20 mmol).
BPA11 and BPA12 formed a precipitate on cooling, and
these were filtered, then washed with water and appropriate
organic solvents (methylene chloride, ethyl acetate, and/or
methanol) to produce the pure desired products. BPA10 and
BPA13 did not form precipitates on cooling. Thus, volatile

Drug Design, Development and Therapy 2015:9

submit your manuscript

4261

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Yun et al

Dove

substances were removed under vacuum and the resultant
residues were recrystallized from methanol to obtain BPA10
and BPA13.

(E)-2-Benzoyl-3-(4-hydroxyphenyl)acrylonitrile
(BPAT)

Yellow solid; reaction time, 7.5 hours; yield, 64.2%; 'H
NMR (400 MHz, DMSO-d,) 6 10.82 (brs, 1 H, OH), 7.99
(s, 1 H, vinylic H), 7.98 (d, 2 H, J =8.4 Hz, 2”-H, 6”-H),
7.76 (d,2 H, J=8.4 Hz, 2’-H, 6’-H), 7.64 (t, 1 H, J=8.0 Hz,
4’-H),7.53 (t,2H,J=7.6 Hz, 3’-H, 5’-H), 6.92 (d,2 H, /=8.4
Hz, 3”-H, 5”-H); *C NMR (100 MHz, DMSO-d,) 6 190.8,
163.7,156.4,136.9,134.8,133.5,129.7,129.3,123.5, 118.3,
117.1, 106.0; LRMS (ESI-) m/z 249 (M)

(E)-2-Benzoyl-3-(2,4-dihydroxyphenyl)acrylonitrile
(BPA2)

Orange-colored solid; reaction time, 8 hours; yield, 63.0%; 'H
NMR (500 MHz, DMSO-d,) §10.99 (brs, 2 H, 2XOH), 8.33
(s, 1 H, vinylic H), 7.84 (d, 2 H, J=8.5 Hz, 2’-H, 6’-H), 7.69
(d, 1H,J=9.0 Hz, 6”-H), 7.65 (t, 1 H,J=8.0 Hz, 4’-H), 7.51
(t,2 H,J=8.0 Hz, 3’-H, 5’-H), 6.84 (dd, 1 H, J=8.0, 2.5 Hz,
5”-H), 6.77 (d, 1 H, J=2.5 Hz, 3”’-H); ¥C NMR (100 MHz,
DMSO-d,) 6192.7,164.0,159.1,157.3,147.5,137.4,134.1,
132.3,130.0,129.2,121.8,114.6,111.4,102.7; LRMS (ESI-)
m/z 265 (M)".

(E)-2-Benzoyl-3-(4-hydroxy-3-methoxyphenyl)
acrylonitrile (BPA3)

Brownish-green solid; reaction time, 8 hours; yield, 78.4%;
'HNMR (400 MHz, DMSO-d,) §10.52 (brs, 1 H, OH), 8.00
(s, 1 H, vinylic H), 7.77-7.75 (m, 3 H, 2’-H, 6¢’-H, 2”"-H),
7.64 (t, 1 H, J =7.6 Hz, 4’-H), 7.61 (dd, 1 H, J =8.8, 2.4
Hz, 6”-H), 7.53 (t, 2 H, J =8.0 Hz, 3-H, 5’-H), 6.93 (d, 1
H, J=8.4 Hz, 5”-H), 3.78 (s, 3 H, OCH,); "C NMR (100
MHz, DMSO-d,) 6190.8, 156.6, 153.5,148.5,137.0, 133.5,
129.7,129.3,128.0, 123.8,118.5, 116.7, 114.9, 106.0, 56.3;
LRMS (ESI-) m/z 279 (M)~

(E)-2-Benzoyl-3-(3-ethoxy-4-hydroxyphenyl)
acrylonitrile (BPA4)

Yellow solid; reaction time, 32 hours; yield, 95%; "H NMR
(400 MHz, DMSO-d,) 610.46 (brs, 1 H, OH), 7.98 (s, 1 H,
vinylic H), 7.77-7.74 (m, 3 H, 2’-H, 6’-H, 2”-H), 7.65 (t,
1 H, J=7.6 Hz, 4-H), 7.58 (dd, 1 H, J=8.4, 2.0 Hz, 6”-H),
7.53 (t,2H,J=7.6 Hz, 3"-H, 5’-H), 6.94 (d, 1 H, J=8.4 Hz,
5”-H),4.03 (q,2 H,J=7.2Hz, CH,CH,), 1.33 (t,3H,J=7.2
Hz, CH,CH,); “"C NMR (100 MHz, DMSO-d,) 6 190.8,

156.7, 153.7, 147.7, 137.0, 133.5, 129.7, 129.3, 128.1,
123.8,118.4, 116.8, 115.8, 106.0, 64.6, 15.2; LRMS (ESI-)
m/z 293 (M.

(E)-2-Benzoyl-3-(3-hydroxy-4-methoxyphenyl)
acrylonitrile (BPAS5)

Brownish green solid; reaction time, 8 hours; yield, 74.7%;
'HNMR (500 MHz, DMSO-d,) 69.66 (s, 1 H, OH), 7.96 (s,
1 H, vinylic H), 7.79 (d, 2 H, J=8.5 Hz, 2’-H, 6’-H), 7.68 (d,
1 H, J=2.5 Hz, 2”-H), 7.67 (t, | H, J=7.5 Hz, 4"-H), 7.56
(t,2 H,J=8.0 Hz, 3’-H, 5"-H), 7.50 (dd, 1 H, J=8.5, 2.0 Hz,
6”-H),7.11(d, 1 H,J=8.5 Hz, 5”-H), 3.87 (s, 3 H, CH,); 1*C
NMR (100 MHz, DMSO-d,) 6 190.7, 156.4, 153.7, 147.5,
136.9,133.6,129.8,129.3,127.2,125.2,118.0, 116.6, 112.8,
106.9, 56.6; LRMS (ESI-) m/z 279 (M)

(E)-2-Benzoyl-3-(4-methoxyphenyl)acrylonitrile
(BPA6)

Yellow solid; reaction time, 8 hours; yield, 85.3%; "H NMR
(500 MHz, DMSO-d,) 6 8.09 (d, 2 H, J =8.5 Hz, 2”-H,
6”-H), 8.08 (s, 1 H, vinylic H), 7.81 (d, 2 H, J=7.5 Hz, 2’-H,
6’-H), 7.68 (td, 1 H,J=7.5 Hz, 4’-H), 7.56 (t,2 H,J=7.5 Hz,
3’-H, 5’-H), 7.15 (d, 2 H, J =8.5 Hz, 3”-H, 5”-H), 3.86 (s,
3 H, CH,); BC NMR (100 MHz, DMSO-d,) 0190.7,164.3,
156.1,136.7,134.3,133.7,129.8,129.4,125.0,118.0, 115.7,
107.4, 56.5; LRMS (ESI-) m/z 263 (M) .

(E)-2-Benzoyl-3-(3,4-dimethoxyphenyl)acrylonitrile
(BPA7)

Yellow solid; reaction time, 8 hours; yield, 78.1%; "H NMR
(400 MHz, DMSO-d,) 68.05 (s, 1 H, vinylic H), 7.78 (d, 2 H,
J=8.0Hz,2"-H, 6’-H), 7.76 (s, 1 H,2”-H), 7.72 (d, 1 H,J=8.8
Hz, 6”-H),7.66 (t, 1 H,J=7.2 Hz, 4-H), 7.54 (t, 2 H, J=7.2
Hz,3’-H,5-H), 7.15 (d, 1 H,J=8.4 Hz, 5”-H), 3.84 (s, 3 H,
CH,), 3.77 (s, 3 H, CH,); *C NMR (100 MHz, DMSO-d,)
6 190.7, 156.4, 154.2, 149.4, 136.8, 133.7, 129.8, 129.4,
127.5,125.0, 118.2, 113.8, 112.6, 107.4, 56.6, 56.2; LRMS
(ESI-) m/z 293 (M)~

(E)-2-Benzoyl-3-(2,4-dimethoxyphenyl)acrylonitrile
(BPAS)

Yellowish solid; reaction time, 8 hours; yield, 86.5%; 'H
NMR (400 MHz, DMSO-d,) §8.29 (s, 1 H, vinylic H), 8.29
(d, 1 H,J=8.8 Hz, 6”-H), 7.74 (d, 2 H, J=7.6 Hz, 2’-H, 6'-H),
7.64 (td, 1 H, J=8.0, 1.2 Hz, 4-H), 7.53 (t, 2 H, J=7.6 Hz,
3"-H, 5’-H), 6.76 (dd, 1 H,J=8.8, 1.6 Hz, 5”-H), 6.67 (d, 1 H,
J=1.6 Hz, 3”-H), 3.86 (s, 3 H, CH,), 3.81 (s, 3 H, CH,); *C
NMR (100 MHz, DMSO-d,) 6 190.8, 166.7, 162.2, 149.7,
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137.1,133.5,130.8, 129.6, 129.3, 118.3, 113.8, 108.0, 106.4,
99.0, 57.1, 56.7; LRMS (ESI-) m/z 293 (M.

(E)-2-Benzoyl-3-(2-hydroxyphenyl)acrylonitrile
(BPA9)

Beige solid; reaction time, 8 hours; yield, 94.1%; '"H NMR
(400 MHz, DMSO-d,) 68.40 (s, 1 H, vinylic H), 7.90 (d, 2 H,
J=7.6 Hz, 2’-H, 6-H), 7.82 (dd, 1 H, J=7.6, 1.2 Hz, 6”-H),
7.70 (td, 1 H, J=7.6, 1.6 Hz, 4-H), 7.66 (t, 1 H, J=7.6 Hz,
4”-H),7.51(t,2H,J=7.6 Hz,3"-H, 5-H), 7.46 (d, 1 H,J=8.8
Hz, 3”-H), 7.39 (t, 1 H, J =7.6 Hz, 5”-H); *C NMR (100
MHz, DMSO-d,) 6192.4,158.7,154.8,146.0, 136.7, 134.6,
134.3,130.5,130.2, 129.4,127.0, 125.6, 118.9, 117.0; LRMS
(ESI-) m/z 249 (M.

(E)-2-Benzoyl-3-(3,4,5-trimethoxyphenyl)acrylonitrile
(BPA10)

Yellow solid; reaction time, 6 days; yield, 15%; "H NMR (500
MHz, DMSO-d,) 68.08 (s, 1 H, vinylic H), 7.82 (brd, 2 H,
J=7.5Hz, 2’-H, 6'-H), 7.70 (brt, | H, J=7.5 Hz, 4-H), 7.58
(brt, 2 H, J=7.5 Hz, 3’-H, 5'-H), 7.52 (s, 2 H, 2”-H, 6”-H),
3.81 (s, 6 H, 2XCH,), 3.78 (s, 3 H, CH,); °C NMR (100
MHz, DMSO-d,) 6190.6, 156.4,153.5,142.4,136.5,133.9,
129.9, 129.4, 127.6, 117.8, 109.5, 107.4, 61.1, 56.7; LRMS
(ESI-) m/z 323 (M.

(E)-2-Benzoyl-3-(4-hydroxy-3,5-dimethoxyphenyl)
acrylonitrile (BPAI 1)

Orange-colored solid; reaction time, 3 days; yield, 76.4%;
'H NMR (400 MHz, DMSO-d,) §8.01 (s, 1 H, vinylic H),
7.76 (d, 2 H, J =8.0 Hz, 2’-H, 6’-H), 7.65 (td, 1 H, J =7.2,
1.2 Hz, 4-H), 7.54 (t, 2 H, J =7.6 Hz, 3’-H, 5'-H), 7.51 (s,
2 H, 2”-H, 6”-H), 3.78 (s, 6 H, 2XCH,); *C NMR (100
MHz, DMSO-d,) 6190.8, 156.9, 148.6, 142.8, 137.0, 133.5,
129.7,129.4,122.5,118.5,110.2,106.3, 56.5; LRMS (ESI-)
m/z 309 (M)

(E)-2-Benzoyl-3-(3-bromo-4-hydroxyphenyl)
acrylonitrile (BPA12)

Yellow solid; reaction time, 6 days; yield, 84.1%; '"H NMR
(500 MHz, DMSO-d,) 6 11.67 (s, 1 H, OH), 8.32 (s, | H,
2”-H), 8.02 (s, 1 H, vinylic H), 8.01 (d, 1 H,J=8.0 Hz, 6”-H),
7.80 (d, 2 H, J=7.5 Hz, 2’-H, ¢’-H), 7.68 (td, | H, J =7.5,
1.0 Hz, 4-H), 7.56 (t, 2 H, J=7.5 Hz, 3’-H, 5’-H), 7.12 (d,
1 H, J =8.0 Hz, 5”-H); *C NMR (100 MHz, DMSO-d,)
6190.5, 159.7, 154.8, 137.2, 136.6, 133.7, 133.1, 129.9,
129.4,125.0,117.9,117.4,110.9, 107.7; LRMS (ESI-) m/z
326 M)~

(E)-2-Benzoyl-3-(3,5-dibromo-4-hydroxyphenyl)
acrylonitrile (BPAI 3)

Orchroid solid; reaction time, 20 hours; yield, 67.8%; 'H
NMR (400 MHz, DMSO-d,) 68.31 (s,2 H,2"-H, 6”-H), 8.00
(s, 1 H, vinylic H), 7.79 (d, 2 H, J=7.2 Hz, 2’-H, 6'-H), 7.66
(td, 1 H,J=7.6, 1.2 Hz, 4-H), 7.54 (t, 2 H, J=7.2 Hz, 3’-H,
5’-H); "CNMR (100 MHz, DMSO-d,) §190.2,156.1,153.2,
136.4,135.8,133.9,130.0,129.4, 126.6, 117.5, 112.6, 109.2;
LRMS (ESI-) m/z 404 (M.

Inhibitory effect of BPAI-BPAI3

on mushroom tyrosinase activity

The inhibitory effects of the synthesized compounds on mush-
room tyrosinase were examined as previously described with
slight modifications.?’ In each well of a 96-well microplate,
10 uL of each compound at different concentrations (5, 10,
or 25 uM [final concentration]) was mixed with 170 uL of
substrate solution (1 mM L-tyrosine solution, 50 mM potas-
sium phosphate buffer [pH 6.5], and distilled water [10:10:9,
v/v/v]). Mushroom tyrosinase solution (20 uL; 1,000 U/mL)
was then added to each well, and the plate was incubated
at 25°C for 30 minutes. The absorbances of dopachrome
produced in the wells were then measured at 450 nm using
an enzyme-linked immunosorbent assay (ELISA) reader
(Tecan, Salzburg, Austria). Kojic acid was used as a reference
compound. All experiments were performed in triplicate.
Tyrosinase inhibition rates were calculated using:

Inhibition (%) = [1 — (A/B)] X100

where A represents the absorbance of the test compound
and B represents the absorbance of the blank control (no
test compound).

Determination of type of tyrosinase
inhibition exhibited by BPAI 3

Kinetic analysis was conducted to determine the type of
inhibition exhibited by BPA13 on mushroom tyrosinase.
In each well of a 96-well plate, 10 uL. of BPA13 (0, 5, 10,
or 25 uM [final concentration]) was mixed with 170 uL of
L-tyrosine solution (0.5, 1, 2, or 4 mM [final concentra-
tion]), and then 20 UL of mushroom tyrosinase solution
(1,000 U/mL) was added. The amounts of dopachrome
produced were monitored every 10 minutes for 1 hour
using an ELISA reader at 450 nm. All experiments were
carried out in triplicate at a constant temperature of 25°C.
The type of inhibition was determined using Lineweaver-
Burk plots.
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In silico docking simulation of tyrosinase
with BPAI3 and kojic acid

Of the many tools available for in silico protein-ligand
docking, AutoDock vina is the most commonly used due to
its automated docking capability, so was chosen for in sil-
ico protein-ligand docking simulation. The three-dimensional
structure of tyrosinase obtained from the crystal structure
of Agaricus bisporus (Protein Data Bank ID 2Y9X) in
combination with a systematic search technique®®3! was
used. The binding site of tyrosine in the crystal structure
of A. bisporus tyrosinase was used as a docking pocket.
Docking simulations were performed between tyrosinase
and BPA13 or kojic acid. To prepare compounds for docking
simulation, two-dimensional structures were converted into
three-dimensional structures, charges were calculated, and
hydrogen atoms were added using the ChemOffice program
(http://www.cambridgesoft.com). LigandScout 3.1 was used

to predict possible hydrogen bonding residues between com-
pounds and tyrosinase and to identify pharmacophores.

Cell culture

B16F10 mouse melanoma cells were cultured in Dulbecco’s
Modified Eagle’s Medium supplemented with 10% heat-
inactivated fetal bovine serum and penicillin/streptomy-
cin (100 TU/50 ug/mL) at 37°C in a humidified 5% CO,
atmosphere.

Cell viability assay

Cell viability was assessed using an MTT assay as previously
described.* On the first day, BI6F10 cells were seeded in a
24-well plate at a density of 5x10* cells/well and incubated
overnight at 37°C in a humidified 5% CO, atmosphere. On the
second day, cells were treated with different concentrations
of BPA13 (0, 5, 10, or 25 uM) and incubated for 24 hours
under the same conditions. On the third day, MTT solution
(0.5 mg/mL) was added to each well and the plate was incu-
bated for 2 hours at 37°C. After removing the supernatants,
the formazan crystals were dissolved in 200 uL of ethyl alco-
hol/DMSO (1:1) and transferred to a 96-well ELISA plate.
Well absorbances were measured at 570 nm using an ELISA
reader. All experiments were performed in triplicate.

Melanin content assay

Inhibition of melanogenesis was evaluated using a melanin
content assay, as previously described.’® Briefly, BI6F10
cells were seeded in a 24-well plate (5x10* cells/well) and
incubated for 24 hours at 37°C in a humidified 5% CO,
atmosphere, treated with 1 uM a-MSH at 0, 5, 10, or 25 uM

of BPA13 or kojic acid (25 uM) for 24 hours, rinsed in
phosphate-buffered saline, and lysed by incubation for 1 hour
at 60°C in 200 UL of 1 N NaOH. Lysates were transferred
to a 96-well ELISA plate and absorbances were measured
at 405 nm using an ELISA reader. Absorbances for BPA13
were expressed as percentages of kojic acid absorbance. All
experiments were conducted in triplicate.

Cellular tyrosinase activity assay

Tyrosinase activity was determined by measuring the rate
of L-DOPA oxidation, as previously described with minor
modifications.?* Briefly, B16F10 cells were seeded in a
24-well plate at a density of 5x10* cells/well and allowed to
attach overnight at 37°C in a humidified 5% CO, atmosphere.
They were then treated with 1 UM o-MSH and different
concentrations (0, 5, 10, or 25 uM) of BPA13 or kojic acid
(25 uM), and incubated for 24 hours under the same condi-
tions. After rinsing in phosphate-buffered saline, the cells
were lysed with 100 pL/well of lysis buffer (90 uL of 50 mM
phosphate buffer [pH 6.8], 5 uL of 1% Triton X-100, and
5 uL of 0.1 mM phenylmethylsulfonyl fluoride), then frozen
at —80°C for 30 minutes. The lysates were thawed and centri-
fuged at 12,000 rpm for 30 minutes at 4°C. The supernatants
so obtained (80 LL) were placed in a 96-well ELISA, mixed
with 20 UL of 10 mM L-DOPA, incubated for 30 minutes at
37°C, and absorbances were measured at 500 nm.

Tyrosinase inhibitory activity was calculated using:

Inhibition (%) = [(A-B) — (C-D)]/(A-B) x100

where A is the absorbance of the blank (without test com-
pound) after incubation, B is the absorbance of the blank
(without test compound) before incubation, C is the absor-
bance of test compound after incubation, and D is the absor-
bance of test compound before incubation.

Statistical analysis

All experiments were performed in triplicate, and the results
are presented as the mean + standard error. One-way analysis
of variance followed by Tukey’s test was used to determine
the significances of intergroup differences. The analysis
was performed using GraphPad Software (San Diego, CA,
USA), and P-values <0.05 were considered to be statisti-
cally significant.

Results and discussion
BPA1-BPA9 were synthesized using a Knoevenagel reaction
using a buffer system composed of sodium acetate and acetic
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acid as depicted in Figure 2. Refluxing benzoylacetonitrile and
appropriate benzaldehydes (1-9) in acetic acid in the presence of
sodium acetate gave (E)-isomers as sole products, in moderate
to good yields. However, when 3,4,5-trimethoxybenzaldehyde
(10), syringaldehyde (11), 3-bromo-4-hydroxybenzaldehyde
(12), and 3,5-dibromo-4-hydroxybenzaldehyde (13) were
used under sodium acetate/acetic acid buffered conditions,
Knoevenagel condensation failed. Surprisingly, Knoevenagel
condensation reactions with the same benzaldehydes in the
presence of piperidine as a base catalyst in ethanol produced the
desired products, ie, BPA10-BPA13. However, in most cases,
a longer reaction time was needed than for sodium acetate/
acetic acid (several days versus 8 hours), although reactions
also afforded (F)-isomers as sole products. The Knoevenagel
condensation is known to primarily afford cis positioned cyano
and aryl groups. The configuration of double bond was deter-
mined by comparing "H NMR spectra with those of authentic
samples.®® To compare 'H NMR spectra, the spectra of BPA1
and BPA6 in CDCI, were additionally obtained. Their spectra
were identical to those of authentic samples, thus confirming
the presence of the (E)-configuration.

Inhibitory effects of BPAI-BPAI13 on

mushroom tyrosinase

Of the synthesized compounds, only BPA11, BPA12, and
BPA13 exhibited inhibitory activity on mushroom tyrosinase.
BPA13 had a slightly greater inhibitory effect on mushroom
tyrosinase than kojic acid, whereas BPA11 and BPA12 were
slightly less effective (Table 1). BPA11, BPA12, and BPA13
all possess a hydroxyl group at the 4-position of the phenyl
ring, and the presence of a bromo group at 3-position or at the
3-position and 5-position were found to be associated with
potent anti-tyrosinase effects (see the tyrosinase inhibitory
effects of BPA12 and BPA13). This result indicates that a linear
B-phenyl-o,B-unsaturated carbonyl scaffold is associated with
potent anti-tyrosinase activity.

Table I Inhibitory effects of (E)-2-benzoyl-3-(substituted phenyl)
acrylonitrile derivatives BPAI-BPA13 and of kojic acid on mush-
room tyrosinase activity

Compound Inhibition (%)
BPAI-BPAIO NI

BPAI I 22.53+1.44
BPAI2 30.13+2.06
BPAI3 44.68%0.62
Kojic acid 39.35+0.83

Notes: Mean * standard error are shown. The results are representative of at
least three independent experiments, which were conducted at a concentration
of 25 uM.

Abbreviation: NI, no inhibition.

Determining type of tyrosinase inhibition

The mode of the inhibitory action of BPA13 on mushroom
tyrosinase was determined based on the effects of BPA13
on Km (dissociation constant) and V__(maximum reaction
velocity) values using a Lineweaver-Burk plot. As shown
in Figure 3, inhibition of mushroom tyrosinase resulted in a
double-reciprocal plot, on which the four straight lines with
different slopes crossed the y-axis at similar points. This
result showed V

max

values were not affected by BPA13 con-
centration. On the other hand, Km values increased gradually
as the concentration of BPA 13 was increased. These observa-
tions show that BPA13 competitively and dose-dependently
inhibits mushroom tyrosinase.

In silico docking simulation of tyrosinase

and BPAI3

A docking study was performed to explore whether BPA13
directly inhibits tyrosinase by binding to its active site. The
docking simulation was successful (Figure 4). The binding
energy of BPA13 was found to be —7.7 kcal/mol (AutoDock
vina) and that of kojic acid was —5.4 kcal/mol. Ligand-to-
receptor docking scores represent different energies, such
as electrostatic energy, van der Waals energy, and solvation
energy. Docking simulation indicated that binding between
BPA13 and tyrosinase is more energetically favored than kojic
acid-to-tyrosinase binding. We searched for binding residues
of tyrosinase interacting with BPA13 using LigandScout
3.1. According to the results obtained, His85 and Glu322 of
tyrosinase are mainly responsible for hydrogen bonding inter-
actions with the phenolic hydroxyl of BPA13 (Figure 4B).
In addition, the phenyl ring of the benzoyl group of BPA13

100-
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S 200 = 10 uM
< ] 5uM
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-
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)
)
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Figure 3 Determination of the nature of tyrosinase inhibition. Inhibition type
was determined using Lineweaver-Burk plots. Results are mean values of 1/V, the
inverse of the increase in the absorbance per minute at the different L-tyrosine
concentrations. A modified Michaelis-Menten equation was utilized: IV =I/
Km(1+[S]/Ki). V denotes the velocity of the reaction, S the L-tyrosine concentration,
Km the dissociation constant, and Ki the inhibitor constant.
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Notes: (A) Docking simulation between mushroom tyrosinase and BPA|3 shown in magenta. (B) The pharmacophore model generated using the LigandScout 3.1 program
indicated possible hydrogen bonding interactions and hydrophobic interactions between tyrosinase residues and BPA 3. (C) Docking simulation between tyrosinase and kojic
acid, used as a positive control. (D) The pharmacophore model generated using the LigandScout 3.1 program indicated a possible hydrogen bonding interaction between

tyrosinase residues and kojic acid.
Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.

was found to participate in hydrophobic interactions with two
amino acid residues of tyrosinase, Phe264 and Val283. On the
other hand, kojic acid had one hydrogen bonding interaction
with Asn260 of tyrosinase (Figure 4D). In order to identify
other tyrosinase residues important for inhibitor binding, we
examined common tyrosinase residues located within 3 A of
BPA13 and kojic acid. We found three amino acid residues,
Asn260, His263, and Val283. Therefore, it seems that these
residues contribute importantly to the inhibition of tyrosinase
activity.

Cell viability assay

The effect of BPA13 on B16F10 cell viability was evaluated
using an MTT assay (Figure 5). After 24 hours of exposure
to 5, 10, or 25 uM of BPA13, cell viabilities were 100.5%,
99.0%, and 91.1% relative to untreated controls, which
implies that BPA13 is non-cytotoxic at concentrations
of <25 uM.3¢

Melanin content assay

The inhibitory effect of BPA13 on a-MSH-stimulated
melanogenesis in BI6F10 cells was assessed by measuring
intracellular melanin. Melanin contents were substantially
lower in 0-MSH/BPA 13 co-treated cells than in cells treated

with o-MSH alone. Furthermore, at 0-25 uM BPA13 dose-
dependently inhibited melanin synthesis, and at 25 uM
BPA13 was as effective as kojic acid (Figure 6).

Cellular tyrosinase activity assay

The effect of BPA13 on cellular tyrosinase activity was
examined in o-MSH-treated BI6F10 cells. BPA13 sig-
nificantly reduced tyrosinase activity in a dose-dependent
manner (Figure 7). This result implies that the inhibitory
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Figure 5 The effect of BPAI3 on the viability of BI6F10 cells. Cells were treated
with different concentrations of BPAI3 for 24 hours. Viabilities are expressed as
mean values of the percentage relative to the untreated control cells. Results are
representative of at least three independent experiments.

Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.
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Figure 6 The effect of BPAI3 on a-MSH-mediated melanogenesis. BI6F10 cells
were co-treated with a-MSH and BPAI3 (at different concentrations) or kojic acid
for 24 hours. Melanin contents are expressed as mean values of percentages versus
control cells treated with a-MSH alone. The asterisk denotes statistical significance
between control cells and the cells exposed to BPAI3 or kojic acid. **P<<0.01;
##%P<0.001. Results are representative of at least three independent experiments.
Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.

effect of BPA13 on melanin biosynthesis is due to its ability
to suppress tyrosinase activity.

Conclusion

In this study, we designed and synthesized BPA analogs
with a linear B-phenyl-o,-unsaturated carbonyl scaffold
and evaluated their inhibitory effects on tyrosinase activity
and melanogenesis. The synthesized compounds BPA11,
BPA11, and BPA13 exhibited an inhibitory activity against
mushroom tyrosinase, and BPA13 significantly and dose-
dependently suppressed melanin biosynthesis. At 25 uM,
BPA13 was as effective as kojic acid at reducing melanin
production and at this concentration had no cytotoxic effect.

Tyrosinase activity
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Figure 7 The effect of BPAI3 on cellular tyrosinase activity. BI6F10 cells were
co-treated with -MSH and BPAI3 (at different concentrations) or kojic acid for
24 hours. Tyrosinase activities are expressed as mean values of percentages versus
control cells treated with 0-MSH alone. The asterisk denotes statistical significance
between control cells and cells treated with BPAI3 or kojic acid: **P<<0.0l;
***P<0.001. Results are representative of at least three independent experiments.
Abbreviation: BPA, (E)-2-benzoyl-3-(substituted phenyl)acrylonitrile.

Our docking simulation study revealed that BPA13 is able
to bind directly to the active site of mushroom tyrosinase
with higher binding affinity than kojic acid, and our kinetic
study showed that BPA13 competitively inhibits tyrosinase.
Collectively, BPA13 appears to be a promising treatment
for diseases associated with hyperpigmentation and to be a
possible skin-whitening agent.
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