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wwuw.rsc.org/ Tyrosinase is a key enzyme in melanin biosynthesis, and is also invovled in the enzymatic browning of plant-derived foods.

Tyrosinase inhibitors are very important in medicine, cosmetics and agriculture. In order to develop more active and safer
tyrosinase inhibitors, an efficient approach is to modify natural product scaffolds. In this work, two series of novel
tyrosinase inhibitors were designed and synthesized by the esterification of cinnamic acid derivatives with paeonol or
thymol. Their inhibitory effects on mushroom tyrosinase were evaluated. Most of these compounds (ICso: 2.0 to 163.8 uM)
are found to be better inhibitors than their parent compounds (ICso: 121.4 to 5925.0 uM). Among them, (E)-2-acetyl-5-
methoxyphenyl-3-(4-hydroxyphenyl)acrylate (5a), (E)-2-acetyl-5-methoxyphenyl-3-(4-methoxyphenyl)acrylate (5g) and (E)-
2-isopropyl-5-methyl phenyl-3-(4-hydroxyphenyl) acrylate (6a) showed strong inhibitory activities; the 1Cso values were 2.0
UM, 8.3 uM and 10.6 uM, respectively, compared to the positive control, kojic acid (ICsp: 32.2 uM). Analysis of the
inhibition mechanism of 5a, 5g and 6a demonstrated that their inhibitory effects on tyrosinase are reversible. The
inhibition kinetics, analyzed by Lineweaver-Burk plots, revealed that 5a acts as a non-competitive inhibitor while 5g and 6a
are mixed-type inhibitors. Furthermore, docking experiments were carried out to study the interactions between 6a and
mushroom tyrosinase.

development of tyrosinase inhibitors has become an alternative
approach for controlling insect pests.z’ 531 In the food industry,
tyrosinase is very important in the control of the quality and the
economics of fruit and vegetables. Tyrosinase catalyzes the

Introduction

Tyrosinase (EC 1.14.18.1) is a multifunctional copper-containing
oxidase widely distributed in mammals, plants, microorganisms and
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insects."™ The enzyme is mainly involved in two distinct reactions of
melanin synthesis: the hydroxylation of tyrosine by monophenolase
and the oxidation of 3,4-dihydroxyphenylalanine (L-Dopa) to o-
dopaquinone by diphenolase.5 Although melanin production in
human skin is a major defense mechanism against UV light,
excessive accumulation of epidermal pigmentation can cause
various hyperpigmentation disorders, such as melasma, freckles
and melanosis.” ®*° Therefore, tyrosinase inhibitors have become
increasingly researched for their application in medicinal and
cosmetic products for the prevention or treatment of pigmentation
disorders.” "

Apart for the treatment of pigmentation disorders, tyrosinase
inhibitors are also applied in insect control and in the food industry.
Tyrosinase has several roles in the developmental and defensive
functions of insects. It is involved in melanogenesis, wound healing,
parasite encapsulation and sclerotization in insects. The
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oxidation of phenolic compounds to the corresponding quinones
and is responsible for the enzymatic browning of fruit and
vegetables. Moreover, the quinone compounds produced in the
browning reaction may react with the amino and sulfhydryl groups
of proteins irreversibly, which may decrease the digestibility of the
protein and the bioavailability of essential amino acids, including
lysine and cysteine.z’ > Therefore, tyrosinase inhibitors are also of
great interest to the agricultural and food fields.

A large number of naturally occurring and synthetic tyrosinase
inhibitors have been reported.m’ 7, 10, 1623 However, some well-
known inhibitors, such as hydroquinone and kojic acid, are not
potent enough to be put into practical use, because of their
instability and undesirable side-effects, such as cytotoxicity, skin
cancer, dermatitis, and neurodegenerative diseases."” 2> ?*% These
problems prompt us to search for safer, more active and stable
tyrosinase inhibitors from natural sources.

Many compounds from natural sources have been found to
inhibit tyrosinase with moderate activities.™ *® For example,
cinnamic acid (Fig. 1) is a natural product obtained from the oil of
cinnamon, or from balsams such as styrax. It is reported to have
depigmenting ability and effects on the expression of melanin
biosynthesis-related enzymes.27’ % paeonol (Fig. 1), one of the
primary bioactive components isolated from the Chinese national
flower, the peony, is known as a traditional skin-whitening agent, a
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potential tyrosinase inhibitor.2* Thymol (Fig. 1) is a naturally
occurring monoterpene phenol that is the main constituent of
thyme, an herb of the genus Thymus, and of origanum oils. It is
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reported that thymol can inhibit the oxidation of L-Dopa to
dopaquinone.29
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Fig. 1. Design of novel tyrosinase inhibitors based on natural product scaffolds.
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Scheme 1 The synthetic route to novel tyrosinase inhibitors. Reagents and conditions: (a) i. TBDMSCI, DIEA, DCM, 0 °C to rt., 20 h; ii. K,COs,
MeOH/THF, rt., 3h; (b) i. SOCl,, DCM, reflux, 5 h; ii. paeonol or thymol, NEt;, DCM, 0 °C to rt., overnight; (c) 2M HF solution, THF, reflux., 1
h; (d) paeonol or thymol, EDCI, HOBt, DIEA, DCM, 0 °C to rt., overnight.

In the search for tyrosinase inhibitors, cinnamic acid and its
derivatives have received much attention.”” Our previous studies
proved that the substituent in the 4-position of the benzene ring of
cinnamic acid is important for the tyrosinase inhibitory activity,
while the carboxyl group has no significant effect on the activity.
Hence, to develop original, natural and potent tyrosinase inhibitors,
cinnamic acid was used as a lead structure. Several cinnamic acid
derivatives with different substituents in the 4-position were
coupled with paeonol or thymol by esterification, producing two
series of cinnamic acid esters (Fig. 1). The compounds synthesized
were screened as mushroom tyrosinase inhibitors, and the
mechanism of their action was explored. Moreover, computational
analyses were performed to highlight their interactions within the
catalytic binding site.

Results and discussion

Synthetic procedures

2| J. Name., 2012, 00, 1-3

The cinnamic acid esters were prepared according to the general
Scheme 1. There are two synthetic routes: 1) Using 4-hydroxy
cinnamic acid (1a) or 4-hydroxy-3-methoxycinnamic acid (1b) as
starting material. Firstly, TBDMSCI was used to protect the hydroxyl
group under alkaline conditions. However, since TBDMSCI could
react with the hydroxyl and carboxyl groups at the same time,
saturated K,CO; was added to hydrolyze the silyl ester to furnish
2a-b. Secondly, acids 2a-b reacted with SOCI, to produce the acyl
chloride, which was condensed with paeonol or thymol to produce
esters 3a-b or 4a-b. Finally, the TBDMS group was removed from
3a-b or 4a-b by 2M HF solution, giving the final products 5a-b or 6a-
b. 2) Using the cinnamic acid derivatives 7c-g as starting material,
the esterification of 7c-g with paeonol or thymol in the presence of
EDCI and HOBt gives the target products 5c-g or 6¢-g directly.

Tyrosinase inhibition evaluation

The inhibitory activity of compounds 5a-g and 6a-g on the
diphenolase activity of mushroom tyrosinase was investigated using
L-Dopa as the substrate. The spectrophotometric assay for

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://dx.doi.org/10.1039/c8md00099a

Page 3 of 9

Published on 25 April 2018. Downloaded by Gazi Universitesi on 26/04/2018 05:19:44.

MedChemComm

tyrosinase was performed according to the method reported by Liu
et al. ** with some slight modifications. The inhibition percentage
was calculated from the equation: Inhibition ratio (%)=[(B-
S)/B]x100, where B and S are the absorbances for the blank and
samples.

Firstly, the inhibitory activities of all synthesized compounds
were screened at a concentration of 100 uM. Among the 14
compounds, 5a, 5¢c, 5e, 5f, 5g and 6a showed the best activities,
with inhibition ratios of more than 40%, while those of the other
compounds (5b, 5d, 6b, 6¢c, 6d, 6e, 6f and 6g) were below 40%.
Then, the inhibition rates of compounds 5a, 5c, 5e, 5f, 5g and 6a
were tested at more than 8 concentrations. The ICso values were
calculated by Graphpad Prism 7.0 software; the results are
summarized in Table 1. For comparison with the activities of the
parent structures, the ICsy values of cinnamic acid, 4-hydroxyl
cinnamic acid, paeonol and thymol were evaluated under the same
conditions. The parent compounds showed moderate inhibitory
activities with 1C5y values from 121.4 to 5925.0 uM, while the new
compounds exhibited good activities with IC5y values from 2.0 to
163.8 uM. Let us consider 5a, prepared by coupling 4-
hydroxycinnamic acid with paeonol. The inhibitory activity of 5a is
much better than those of its parent structures. The results indicate
that the inhibitory activities of the compounds synthesized are
significantly improved by combining the two pharmacophores.

Table 1. Tyrosinase inhibitory activities of new compounds

Compounds R1 R, 1C5q value (uM)
5a H OH 2.0
5b OCH,4 OH >100°
5¢ H OCH; 77.4
5d H H >100°
5e H CH; 39.0
5f H cl 163.8
5g H F 8.3
6a H OH 10.6
6b OCH, OH >100°
6c H OCH,4 >100°
6d H H >100°
6e H CH; >100°
6f H cl >100°
6g H F >100°

cinnamic acid 209.5
4-hydroxyl cinnamic acid 4708.5
paeonol 121.4
thymol 5925.0

kojic acid 32.2

®the inhibitory percentage of these compounds at 100 pM is less
than 40%

100+
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&
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Fig. 2 Tyrosinase inhibition of 5a, 5g, 6a and kojic acid
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The structural frameworks of series 5a-g and 6a-g are the same,
and the main differences between the two series are the
substituents on the benzene ring of the phenol moiety. Generally
speaking, the paeonol derivatives 5a-g are more active than the
thymol derivatives 6a-g; this may be due to the formation of
hydrogen bonds between the methoxy and carbonyl groups of 5a-g
and tyrosinase. Furthermore, the substituents in the 4-position
have large effects on the tyrosinase inhibition activities. The
hydroxyl group is much more effective. For example, compounds 5a
and 6a exhibit strong inhibition of tyrosinase, with IC5yvalues of 2.0
and 10.6 pM, respectively (Fig. 2). They are 16 and 3 times more
active than kojic acid, which was used as a positive reference.
However, the activities fall significantly when methoxyl groups are
introduced into the 3-position, as in compounds 5b and 6b. Apart
from the hydroxyl group, 4-fluoro also enhances tyrosinase
inhibition activity. Compound 5g showed strong inhibition of
tyrosinase with an ICsy value of 8.3 uM.

Mechanism study

The inhibitory mechanism of 5a, 5g and 6a on mushroom tyrosinase
was investigated using L-Dopa as the substrate. The relationship
between enzyme activity and its concentration in the presence of
compounds 5a, 5g and 6a was studied. Plots of the remaining
enzyme activity versus the enzyme concentration at different
inhibitor concentrations give a set of straight lines, which all pass
through the origin (Fig. 3). Increasing the inhibitor concentration
reduces the slope of the line, indicating that the inhibitor reduces
the activity of the enzyme. Thus, the inhibition by compounds 5a,
5g and 6a of the diphenolase activity of tyrosinase is reversible.

The kinetic data on the inhibition of L-Dopa oxidation by 5a, 5g
and 6a were expressed by Lineweaver-Burk double-reciprocal plots.
For 5a, the plots of 1/v versus 1/[S] give a group of straight lines
with different slopes that intersect at the same point on the x-axis
(Fig. 4-A1), suggesting that the K., remains the same, while V
decreases with increasing concentrations of 5a. The results indicate
that the inhibition type of 5a is non-competitive, which means that
the binding site of 5a with tyrosinase is not the active site. 5a
reduces the activity of tyrosinase and binds equally well to the
enzyme whether or not it is already bound the substrate. For 5g and
6a, all the straight lines intercept in the second quadrant (Fig. 4-B1
and 4-C1), indicating that compounds 5g and 6a are both mixed-
type inhibitors. This suggests that they bind not only with free
enzyme but also with the enzyme—substrate complex. This complex
could prevent the free oxygen molecule taking part in the oxidation
of o-diphenols and, thus, cause tyrosinase to lose its catalytic ability.
The equilibrium constant for binding of the inhibitor with free
enzyme (K,) was obtained from a plot of the slope (K../V.,) versus
the inhibitor concentration (Fig. 4-B2 and 4-C2), and for binding
with the enzyme—substrate complex (K;s) from a plot of the vertical
intercept (1/V,,) versus the inhibitor concentration (Fig. 4-A3, 4-B3
and 4-C3). The results are shown in Table 2. The K5 values of 5g and
6a are larger than their K, values, indicating that the affinity of the
inhibitors for the free enzyme is greater than that for the enzyme—
substrate complex.

J. Name., 2013, 00, 1-3 | 3
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Table 2 Type of inhibition mechanism, as well as K, and K;s values of 5a, 5g and 6a.
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Comp. Inhibition mechanism K, value (uM) Kis value (uM)

5a Non-competitive type 3.8 3.8

5g Mixed type 10.0 35.6

6a Mixed type 8.0 72.2
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Fig 3. Determination of the mechanism of the inhibition of mushroom tyrosinase by 5a, 5g and 6a.
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Fig. 4 Lineweaver-Burk plots (A1, B1 and C1) for mushroom tyrosinase with L-Dopa as substrate in the presence of 5a, 5g and 6a. B2 and C2

represent the plot of slope versus the concentration of 5g and 6a for the determination of the inhibition constant K,. A3, B3 and C3
represent the plot of intercept versus the concentration of 5a, 5g and 6a for the determination of the inhibition constant Kis.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. The binding conformation of tropolone (A), KA (B) or 6a (C) complexed with tyrosinase (PDB ID: 2Y9X

=

. The conformation was

obtained by the Ledock program. The docked tropolone conformation is in green, and the original conformation in crystal structure is in

cyan (A). Protein and KA (or 6a) were colored in cyan and green, respectively. The dashed lines show the copper ions interact with ligands.

The presentation was prepared with the VMD program.

Molecular docking

As 6a is much more specific for the active site of the enzyme,
molecular docking was introduced to predict the binding
conformation (Fig. 5). The tyrosinase enzyme structure was
prepared by the VMD*! and NAMD2% programs. All the atoms were
assigned to the CHARMM force field type. Hydrogens were then
optimized. The ligand was prepared with the Avogadro program,
and was assigned with Gasteiger charge. The low-energy
conformation was obtained by the steepest decent algorithm with
the MMFF94 force field. Ledock was used for the docking. In order
to validate the docking protocol, the known tyrosinase inhibitors,
tropolone and kojic acid (KA) were also docked to the protein. As
the result shows (Fig. 5 A), the docked conformation of tropolone is
well superposed to the conformation in the crystal structure (RMSD
<1.0 A). In addition, KA was interacted with the two copper ions. An
T-T interaction was found between KA and His263; other Van der
Waals interactions, with Met280, Ser282, Val283, were also formed
(Fig. 5 B). These interaction characters are quite similar to that of
KA binding to tyrosinase of Bacillus megaterium.33 Then the docking
protocol was also subjected to 6a. This reveals that 6a also interacts
with copper ions through polar contacts. Hydrophobic interactions
with Phe264, Leu275, Pro277, and Val283 are also formed. The
ester group interacts with Arg268 through electrostatic attraction
(Fig. 5 C).

The kinetics study showed that 5a is a non-competitive inhibitor,
while 6a is a mixed-type inhibitor. The docking study of 5a with
tyrosinase was also performed to try to explain this difference. The
results reveal that the conformation of the cinnamic acid moiety
depends on the phenol moiety. The hydroxyl group of 5a does not
insert into the active site well. Consequently, 5a does not interact
with the active site of tyrosinase directly, which is in agreement
with the results of the kinetics study.

Experimental section

General procedure for synthesis of compounds 2a and 2b
tert-Butyldimethylsilyl chloride (9.04 g, 60.0 mmol) was added to

a suspension of 1a or 1b (20.0 mmol) in 50 mL DCM at 0 °C, and

then DIEA was added to adjust the pH value to 9~10. The mixture

This journal is © The Royal Society of Chemistry 20xx

was stirred at room temperature for 20 hours. The mixture was
washed with 1M HCI solution, saturated NaHCO; and brine. The
organic layer was dried over MgS0,, and then concentrated under
reduced pressure to give a bright yellow oil as an intermediate. This
was dissolved in MeOH/THF (6.0 mL, 1/2) in a round-bottomed flask
and stirred at room temperature with saturated K,COj; for 3 hours.
The resulting solution was evaporated to dryness. The residue was
diluted with DCM, and washed with 1M HCI solution, saturated
NaHCO; and brine. The organic layer was dried over MgSQ,, and
concentrated to give a crude product, which was purified by flash
chromatography to give 2a or 2b as a white powder (yield: 64% or
72%).

General procedure for synthesis of compounds 3a-b and 4a-b

SOCl, (800 pL, 11.0 mmol) was added to a solution of 2a or 2b (1.0
mmol) in DCM (5 mL), and the mixture was refluxed for 5 hours.
Then the solution was heated to 90 °C for evaporation. After
cooling to room temperature, the residue was dissolved in dry DCM
(5 mL). Paeonol or thymol (1.0 mmol) was added at 0 °C, and then
NEt; (1 mL, 7.2 mmol). The mixture was stirred at room
temperature overnight. The reaction mixture was washed with 0.1
M HCI solution, saturated NaHCO; and brine. The organic layer was
dried over MgS0O,, and concentrated to give a crude product, which
was purified by chromatography to give 3a-b or 4a-b as a light
yellow oil (yield: 50%-64%).

General procedure for synthesis of compounds 5a-b and 6a-b

2M HF solution (4.0 mL) was added to a solution of 3a-b or 4a-b
(0.19 mmol) in THF (4.0 mL), and the mixture was refluxed for 1
hour. The reaction mixture was washed with saturated NaHCO;,
0.1M HCl solution, H,0 and brine. The organic layer was dried over
MgSO,, and concentrated to give a crude product, which was
purified by chromatography to give 5a-b or 6a-b as a pale yellow
powder (yield: 70%-82%).

General procedure for synthesis of compounds 5c-g and 6¢c-g

0°C, to a solution of 7c-g (2.0 mmol) in dry DCM (5 mL) was added
paeonol or thymol (2.2 mmol), EDCI (575 mg, 3.00 mmol), HOBt
(405 mg, 3.00 mmol), and then DIEA was added to adjust the pH
value of the solution to 9~10. The mixture was stirred at room
temperature overnight, then washed with 0.1 M HCIl, saturated

J. Name., 2013, 00, 1-3 | §
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NaHCO; and brine. The organic layer was dried over MgSO,, and
concentrated to give a crude product, which was purified by
chromatography to give 5¢-g or 6¢-g as a grey powder (yield: 72%-
85%).

(E)-3-(4-(tert-butyldimethylsilyloxy)phenyl)acrylic acid (2a)

'H NMR (400 MHz, CDCl5) § 7.74 (d, J = 15.9 Hz, 1H), 7.45 (d, J = 8.6
Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 6.31 (d, J = 15.9 Hz, 1H), 0.99 (s, 9H),
0.23 (s, 6H); *C NMR (100 MHz, CDCl;) 6 172.66, 158.45, 146.94,
130.20, 127.54, 120.74, 115.02, 25.77, 18.40, -4.23; MS (ESI): m/z
277.20 [M-H], 555.53 [2M-H]..
(E)-3-(4-(tert-butyldimethylsilyloxy)-3-methoxyphenyl)acrylic acid
(2b)

'"H NMR (400 MHz, CDCl5) 6 7.72 (d, J = 15.8 Hz, 1H), 7.09-6.99 (m,
2H), 6.86 (d, J = 8.4 Hz, 1H), 6.31 (d, J = 15.9 Hz, 1H), 3.85 (s, 3H),
1.00 (s, 9H), 0.18 (s, 6H); 3¢ NMR (100 MHz, CDCl3) 6 172.54,
151.42, 148.19, 147.29, 128.10, 122.87, 121.29, 115.02, 111.24,
55.62, 25.80, 18.63, -4.44; MS (ESI): m/z 307.48 [M-H].
(E)-2-acetyl-5-methoxyphenyl-3-(4-(tert-butyldimethylsilyloxy)-
phenyl)acrylate (3a)

'H NMR (400 MHz, CDCl;) 6 7.91-7.78 (m, 2H), 7.50 (d, J = 8.5 Hz,
2H), 6.92-6.80 (m, 3H), 6.68 (d, J = 2.1 Hz, 1H), 6.54 (d, J = 15.9 Hz,
1H), 3.86 (s, 3H), 2.52 (s, 3H), 1.00 (s, 9H), 0.24 (s, 6H); *C NMR
(100 MHz, CDCl;) 6 196.03, 165.57, 163.83, 158.59, 151.74, 147.29,
132.34, 130.30, 127.55, 124.00, 120.77, 114.58, 112.03, 109.25,
55.86, 29.83, 25.77, 18.41, -4.21; MS (APCI): m/z 449.57 (M+Na)".
(E)-2-acetyl-5-methoxyphenyl-3-(4-(tert-butyldimethylsilyloxy)-3-
methoxyphenyl)acrylate (3b)

'"H NMR (300 MHz, CDCl3) 6 7.89-7.79 (m, 2H), 7.12-7.07(m, 2H),
6.90-6.81 (m, 2H), 6.67 (d, J = 2.5 Hz, 1H), 6.54 (d, J = 15.9 Hz, 1H),
3.88-3.83 (m, 6H), 2.52 (s, 3H), 1.00 (s, 9H), 0.18 (s, 6H); 3¢ NMR
(75 MHz, CDCl;) 6 196.07, 165.58, 163.82, 151.70, 151.40, 148.26,
147.63, 132.38, 128.07, 123.86, 123.01, 121.29, 114.57, 111.98,
111.18, 109.27, 55.86, 55.61, 29.80, 25.79, 18.64, -4.44; MS (APCI):
m/z 479.57 (M+Na)*
(E)-2-isopropyl-5-methylphenyl-3-(4-(tert-butyldimethylsilyloxy)-
phenyl)acrylate (4a)

'H NMR (300 MHz, CDCl5) § 7.83 (d, J = 15.9 Hz, 1H), 7.50 (d, J = 8.6
Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 7.9 Hz, 1H), 6.92-6.84
(m, 3H), 6.53 (d, J =15.9 Hz, 1H), 3.03 (m, 1H), 2.33 (s, 3H), 1.21 (d, J
= 6.9 Hz, 6H), 1.00 (s, 9H), 0.24 (s, 6H); BC NMR (75 MHz, CDCl3) &
166.16, 158.36, 148.16, 146.30, 137.37, 136.68, 130.11, 127.65,
127.19, 126.56, 123.00, 120.76, 115.01, 27.30, 25.77, 23.23, 21.02,
18.41, -4.21; MS (APCI): m/z 411.34 (M+H)".
(E)-2-isopropyl-5-methylphenyl-3-(4-(tert-butyldimethylsilyloxy)-
3-methoxyphenyl)acrylate (4b)

'H NMR (400 MHz, CDCl5) § 7.81 (d, J = 15.9 Hz, 1H), 7.22 (d, J = 7.9
Hz, 1H), 7.14-7.06 (m, 2H), 7.04 (d, J = 7.8 Hz, 1H), 6.92-6.84 (m,
2H), 6.52 (d, J = 15.9 Hz, 1H), 3.87 (s, 3H), 3.09-2.99 (m, 1H), 2.33 (s,
3H), 1.21 (d, J = 6.9 Hz, 6H), 1.01 (s, 9H), 0.19 (s, 6H); 3¢ NMR (100
MHz, CDCl;) 6 166.11, 151.47, 148.21, 148.12, 146.65, 137.41,
136.69, 128.26, 127.20, 126.59, 123.02, 122.76, 121.34, 115.13,
111.18, 55.65, 27.32, 25.81, 23.24, 21.01, 18.65, -4.43; MS (APCl):
m/z 441.27 [M+H]",
(E)-2-acetyl-5-methoxyphenyl-3-(4-hydroxyphenyl)acrylate (5a)
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'"H NMR (400 MHz, CDCl5) 6 7.90-7.77 (m, 2H), 7.45 (d, J = 14.9 Hz,
2H), 6.91-6.81 (m, 3H), 6.69 (d, J = 2.5 Hz, 1H), 6.50 (d, J = 15.9 Hz,
1H), 5.93 (brs, 1H), 3.87 (s, 3H), 2.54 (s, 3H); °C NMR (100 MHz,
CDCl3) & 197.37, 165.82, 164.10, 158.94, 151.78, 147.42, 132.58,
130.56, 126.60, 123.59, 116.22, 113.95, 112.00, 109.48, 55.91,
29.49; MS (ESI): m/z 311.32 [M-H]".
(E)-2-acetyl-5-methoxyphenyl-3-(4-hydroxy-3-methoxyphenyl)-
acrylate (5b)

'H NMR (400 MHz, CDCl5) 6 7.86 (d, J = 8.8 Hz, 1H), 7.82 (d, J = 15.9
Hz, 1H), 7.14 (dd, J = 8.2, 1.8 Hz, 1H), 7.10 (d, J = 1.8 Hz, 1H), 6.94 (d,
J=8.1Hz, 1H), 6.84 (dd, J = 8.8, 2.5 Hz, 1H), 6.68 (d, J = 2.5 Hz, 1H),
6.52 (d, J = 15.9 Hz, 1H), 6.02 (s, 1H), 3.94 (s, 3H), 3.86 (s, 3H), 2.52
(s, 3H); *C NMR (100 MHz, CDCl5) & 196.18, 165.60, 163.84, 151.69,
148.66, 147.61, 146.99, 132.39, 126.80, 123.85, 114.96, 114.24,
111.97, 109.75, 109.31, 56.13, 55.86, 29.73; MS (ESI): m/z 341.05
[M-HT.
(E)-2-acetyl-5-methoxyphenyl-3-(4-methoxyphenyl)acrylate (5c)

'H NMR (400 MHz, CDCl5) & 7.87 (s, 1H), 7.84 (d, J = 6.7 Hz, 1H), 7.55
(d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 6.84 (dd, J = 8.8, 2.4 Hz,
1H), 6.68 (d, J = 2.5 Hz, 1H), 6.54 (d, J = 15.9 Hz, 1H), 3.85 (s, 6H),
2.52 (s, 3H); B¢ NMR (100 MHz, CDCl3) 6 195.97, 165.53, 163.79,
162.00, 151.70, 147.16, 132.29, 130.31, 126.94, 123.94, 114.56,
114.34, 111.96, 109.24, 55.81, 55.52, 29.76; MS (APCI): m/z 349.39
(M+Na)".

2-acetyl-5-methoxyphenyl-cinnamate (5d)

'H NMR (400 MHz, CDCl3) 6 7.95-7.82 (m, 2H), 7.65-7.55 (m, 2H),
7.48-7.37 (m, 3H), 6.85 (dd, J = 8.8, 2.5 Hz, 1H), 6.75-6.63 (m, 2H),
3.85 (s, 3H), 2.52 (s, 3H); °C NMR (100 MHz, CDCl;) & 195.84,
165.20, 163.78, 151.51, 147.35, 134.15, 132.35, 130.91, 129.05,
128.50, 123.71, 117.01, 111.93, 109.25, 55.79, 29.58; MS (APCl):
m/z319.39 [M+Na]".
(E)-2-acetyl-5-methoxyphenyl-3-p-tolylacrylate (5e)

'H NMR (400 MHz, CDCl5) 6 7.89 (d, J = 8.4 Hz, 1H), 7.86 (s, 1H), 7.50
(d, J = 8.0 Hz, 2H), 7.22 (d, J = 7.9 Hz, 2H), 6.84 (dd, J = 8.8, 2.4 Hz,
1H), 6.69 (d, J = 2.5 Hz, 1H), 6.64 (d, J = 16.0 Hz, 1H), 3.85 (s, 3H),
2.52 (s, 3H), 2.39 (s, 3H); 3¢ NMR (100 MHz, CDCl;) & 195.90,
165.38, 163.76, 151.59, 147.44, 141.48, 132.31, 131.43, 129.80,
128.53, 123.80, 115.83, 111.94, 109.21, 55.78, 29.67, 21.60; MS
(APCI): m/z 333.48 [M+Na]".
(E)-2-acetyl-5-methoxyphenyl-3-(4-chlorophenyl)acrylate (5f)

'"H NMR (400 MHz, CDCl;) 6 7.91-7.78 (m, 2H), 7.52 (d, J = 8.5 Hz,
2H), 7.39 (d, J = 8.4 Hz, 2H), 6.85 (dd, J = 8.8, 2.4 Hz, 1H), 6.71-6.61
(m, 2H), 3.85 (s, 3H), 2.51 (s, 3H); °C NMR (100 MHz, CDCl5) &
195.88, 165.04, 163.84, 151.44, 145.78, 136.85, 132.71, 132.48,
129.67, 129.37, 123.56, 117.68, 111.93, 109.34, 55.83, 29.45; MS
(APCI): m/z 353.38 (M+Na)".
(E)-2-acetyl-5-methoxyphenyl-3-(4-methoxyphenyl)acrylate (5g)
'"H NMR (400 MHz, CDCl;) 6 7.88 (s, 1H), 7.85 (d, J = 7.5 Hz, 1H),
7.64-7.53 (m, 2H), 7.11 (t, J = 8.6 Hz, 2H), 6.85 (dd, J = 8.8, 2.5 Hz,
1H), 6.68 (d, J = 2.5 Hz, 1H), 6.61 (d, J = 16.0 Hz, 1H), 3.86 (s, 3H),
2.52 (s, 3H); B¢ NMR (100 MHz, CDCl3) 6 195.97, 165.59, 165.20,
163.85, 163.08, 151.50, 146.02, 132.48, 130.54, 130.51, 130.47,
130.45, 123.62, 116.82, 116.80, 116.40, 116.18, 111.96, 109.33,
55.86, 29.53; MS (APCI): m/z 337.41 [M+Na]+.
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(E)-2-isopropyl-5-methylphenyl-3-(4-hydroxyphenyl)acrylate (6a)
'H NMR (400 MHz, CDCl;) 6 7.83 (d, J = 15.9 Hz, 1H), 7.49 (d, J = 8.6
Hz, 2H), 7.23 (d, J = 7.9 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 6.89 (s, 1H),
6.84 (d, J = 8.6 Hz, 2H), 6.52 (d, J = 15.9 Hz, 1H), 5.99 (brs, 1H), 3.10-
2.98 (m, 1H), 2.33 (s, 3H), 1.21 (d, J = 6.9 Hz, 6H); B¢ NMR (100
MHz, CDCl;) 6 166.62, 158.47, 148.13, 146.59, 137.38, 136.75,
130.42, 127.26, 126.94, 126.62, 122.96, 116.14, 114.50, 27.32,
23.21, 20.97; MS (ESI): m/z 295.54 [M-H]".
(E)-2-isopropyl-5-methylphenyl-3-(4-hydroxy-3-methoxyphenyl)-
acrylate (6b)

'H NMR (400 MHz, CDCl;) 6 7.81 (d, J = 15.9 Hz, 1H), 7.23 (d, J = 7.9
Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H), 7.11 (s, 1H), 7.05 (d, J = 7.8 Hz, 1H),
6.96 (d, J = 8.2 Hz, 1H), 6.89 (s, 1H), 6.52 (d, J = 15.9 Hz, 1H), 5.96 (s,
1H), 3.96 (s, 3H), 3.10- 3.00 (m, 1H), 2.34 (s, 3H), 1.22 (d, J = 6.9 Hz,
6H); 3¢ NMR (100 MHz, CDCl3) 6 166.12, 148.50, 148.21, 147.02,
146.63, 137.39, 136.68, 127.19, 127.09, 126.58, 123.58, 123.01,
114.99, 114.80, 109.72, 56.15, 27.32, 23.22, 20.98; MS (ESI): m/z
325.60 [M-H].
(E)-2-isopropyl-5-methylphenyl-3-(4-methoxyphenyl)acrylate (6c)
'H NMR (400 MHz, CDCl,) 6 7.84 (d, J = 15.9 Hz, 1H), 7.56 (d, J = 8.8
Hz, 2H), 7.22 (d, J = 7.9 Hz, 1H), 7.04 (d, J = 7.9 Hz, 1H), 6.94 (d, J =
8.7 Hz, 2H), 6.89 (s, 1H), 6.53 (d, J = 15.9 Hz, 1H), 3.86 (s, 3H), 3.09-
2.99 (m, 1H), 2.33 (s, 3H), 1.21 (d, J = 6.9 Hz, 6H); 3¢ NMR (100
MHz, CDCl;) 6 166.20, 161.85, 148.20, 146.26, 137.40, 136.68,
130.18, 127.19, 127.12, 126.57, 123.01, 114.84, 114.58, 55.57,
27.30, 23.22, 21.00; MS (APCI): m/z 311.35 [M+H]".
2-isopropyl-5-methylphenyl-cinnamate (6d)

"4 NMR (400 MHz, CDCl5) 6 7.90 (d, J = 16.0 Hz, 1H), 7.67-7.56 (m,
2H), 7.50-7.38 (m, 3H), 7.24 (d, J = 7.9 Hz, 1H), 7.06 (d, J = 7.9 Hz,
1H), 6.91 (s, 1H), 6.69 (d, J = 16.0 Hz, 1H), 3.12-2.99 (m, 1H), 2.35 (s,
3H), 1.23 (d, / = 6.9 Hz, 6H); B3¢ NMR (100 MHz, CDCl3) 6 165.83,
148.09, 146.57, 137.32, 136.71, 134.34, 130.80, 129.12, 128.44,
127.27, 126.60, 122.93, 117.37, 27.31, 23.21, 20.99; MS (APCI): m/z
281.21 [M+H]".

(E)-2-isopropyl-5-methylphenyl-3-p-tolylacrylate (6e)

'H NMR (400 MHz, CDCl;) 6 7.85 (d, J = 16.0 Hz, 1H), 7.49 (d, J = 8.0
Hz, 2H), 7.28-7.18 (m, 3H), 7.04 (d, J = 7.9 Hz, 1H), 6.89 (s, 1H), 6.62
(d, J = 16.0 Hz, 1H), 3.09-2.99 (m, 1H), 2.39 (s, 3H), 2.33 (s, 3H), 1.21
(d, J = 6.9 Hz, 6H); *C NMR (100 MHz, CDCl;) & 166.03, 148.14,
146.59, 141.32, 137.35, 136.68, 131.63, 129.85, 128.45, 127.22,
126.57, 122.97, 116.30, 27.30, 23.21, 21.66, 20.99; MS (APCl): m/z
295.26 [M+H]".
(E)-2-isopropyl-5-methylphenyl-3-(4-chlorophenyl)acrylate (6f)

"4 NMR (400 MHz, CDCl) 6 7.83 (d, J = 16.0 Hz, 1H), 7.54 (d, J = 8.5
Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 7.9 Hz, 1H), 7.06 (d, J =
7.9 Hz, 1H), 6.89 (s, 1H), 6.65 (d, J = 16.0 Hz, 1H), 3.09-2.99 (m, 1H),
2.34 (s, 3H), 1.22 (d, J = 6.9 Hz, 6H); >*C NMR (100 MHz, CDCl;) &
165.60, 148.02, 145.09, 137.28, 136.76, 132.83, 129.60, 129.43,
127.36, 126.64, 122.86, 118.03, 27.30, 23.21, 20.99; MS (APCI): m/z
315.18 [M+H]".
(E)-2-isopropyl-5-methylphenyl-3-(4-fluorophenyl)acrylate (6g)

'"H NMR (400 MHz, CDCl5) 6 7.84 (d, J = 16.0 Hz, 1H), 7.65-7.55 (m,
2H), 7.23 (d, J = 7.9 Hz, 1H), 7.12 (t, J = 8.6 Hz, 2H), 7.05 (d, J = 7.9
Hz, 1H), 6.89 (s, 1H), 6.59 (d, J = 16.0 Hz, 1H), 3.10-2.98 (m, 1H),
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2.34 (s, 3H), 1.21 (d, J = 6.9 Hz, 6H); **C NMR (100 MHz, CDCl;) &
165.72, 165.53, 163.02, 148.06, 145.24, 137.30, 136.75, 130.63,
130.60, 130.41, 130.32, 127.32, 126.62, 122.90, 117.21, 117.18,
116.42, 116.20, 27.31, 23.21, 20.99; MS (APCI): m/z 299.29 [M+H]".

Tyrosinase activity assay

The compounds synthesized were tested for diphenolase inhibitory
activity of tyrosinase using L-Dopa as substrate. Mushroom
tyrosinase (Sigma-aldrich, 2687 U/mg) was used for the bioassay.
All the compounds were dissolved in DMSO. The final concentration
of DMSO in the test solution was 2.0%. Firstly, 813 pL of phosphate
buffer (pH 6.86), 7 uL of mushroom tyrosinase (final concentration:
33.3 U/mL) and 20 pL of the inhibitor solution were combined in a
centrifuge tube. After pre-incubation for

temperature, 160 uL of L-Dopa (final concentration: 0.4 mM) was

10 min at room
added to the mixture, and the mixture was examined immediately.
The enzyme reaction was monitored for 1 min by measuring the
change in absorbance at 475 nm corresponding to the formation of
dopachrome. Inhibition of the tyrosinase reaction was calculated as
follows: Inhibition ratio (%) = [(B - S)/B]x100, where B and S are the
absorbances of the blank and samples.

The inhibition mechanism of 5a, 5g and 6a was determined by
the following method: A series of diluted inhibitor solutions was
prepared (5a: 0, 1, 2, and 5 uM, 5g: 0, 2, 8, and 20 uM, 6a: 0, 5, 10
and 20 uM). The L-Dopa concentration (0.4 mM) was kept constant.
The inhibition rates were measured by the above method with
different concentrations of tyrosinase (0.00, 8.3, 16.7, and 33.3
U/mL).

The inhibition type of the enzyme was assayed by Lineweaver—
Burk plots. A series of diluted inhibitor solutions was prepared (5a:
0,1,2,and 5 uM, 5g: 0, 2, 8, and 20 uM, 6a: 0, 5, 10 and 20 uM).
The tyrosinase concentration (33.3 U/mL) was kept constant. The
inhibition rates were measured by the above method with different
concentrations of L-Dopa (0.2, 0.4, 0.8, and 1.6 mM).

Molecular docking

The fungal tyrosinase structure (PDBID: 2Y9X) was downloaded
from the RCSB PDB database. All the ligand and water atoms were
removed. The copper ions in the active site were kept. Hydrogen
atoms were added by the vmD*! Autopsf plugin. Then all the
hydrogens were optimized by the NAMD2*?  minimization
procedure, and other heavy atoms were kept fixed. The final
conformation and psf topology file were extracted for docking. The
ligand structure was prepared by the Avogadro program
(http://avogadro.cc/) using a steepest descent algorithm with the
MMFF94 force field. Gasteiger charges were calculated for each
atom. In addition, to validate the docking, other well known ligands,
tropolone and kojic acid, were also docked to this tyrosinase.
Docking performed by the Ledock program
(http://www.lephar.com), integrated with a simulated annealing
search and genetic algorithm. The docking score was estimated

was

from van der Waals interactions, weighted hydrogen bonds and
electrostatic interactions. 20 search runs were performed. Finally,
the generated poses were clustered again (RMSD<2.0 A). The
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cluster with lowest energy was extracted for presentation. The
figure was prepared by the VMD program.

Conclusions

Two series of novel tyrosinase inhibitors based on natural product
scaffolds have been prepared and evaluated. The tyrosinase
inhibitory activities were significantly improved by the combination
of the two natural product scaffolds. Most of the compounds
synthesized showed better activities than their parent compounds.
Among them, 5a, 5g and 6a exhibited activities in the low-
micromolar range (ICsp = 2.0 uM, 8.3 uM and 10.6 uM, respectively),
better than kojic acid (ICsqg = 32.2 uM), used as reference. The
presence of the hydroxyl group at the 4-position of the cinnamic
acid moiety improved the activity. Study of the inhibition
mechanism showed that 5a, 5g and 6a are all reversible inhibitors.
The mode of inhibition of the enzyme, determined by analysis of
Lineweaver-Burk plots, indicated that 5a is a non-competitive type
inhibitor, while 5g and 6a are mixed-type inhibitors. The molecular
docking of 6a and tyrosinase indicates that chelating copper at the
active site is an important mechanism. These results suggest that
the newly synthesized compounds could be potential agents for the
prevention and treatment of pigmentation and the inhibition of
melanogenesis, or may serve as structural templates for designing
and developing novel tyrosinase inhibitors. These findings
encourage us to continue our efforts towards the optimization of
the pharmacological profile of these cinnamic acid ester derivatives.
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