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ARTICLE INFO ABSTRACT

Keywords: This study aimed to synthesize and screen tyrosinase inhibitors for delay fruit browning. A series of vanillyl
Inhibitor cinnamate analogues were designed and synthesized by simple processes, and the inhibitory effects of all the
Cinna_mic acid synthesized derivatives on mushroom tyrosinase were evaluated. In the enzymatic activity test, compounds 21,
;};rc(]);l;l;se 22, and 26 had significant (P < 0.05) effect on mushroom tyrosinase at a preliminary screening dose (1 mg/mL

in vitro). ICso analysis showed that the ICs, values of compounds 21, 22 and 26 were 268.5 uM, 213.2 uM and
413.5uM, respectively. In the cytotoxicity evaluation, Cell Counting Kit-8 (CCK-8) assay showed that com-
pounds 21, 22 and 26 had no significant effect on the proliferation of hepatocyte L02 and B16 melanoma cells at
the dosage of 25-200 pM. Inhibition of tyrosinase activity and melanin content in B16 melanoma cells in-
vestigations indicated that compounds 21, 22 and 26 inhibited both cellular tyrosinase activity and melanin
content dose-dependently and more strongly than the reference standard arbutin. The UV-visible spectra showed
compound 22 inhibits the formation of dopamine quinone, further the molecular docking analysis of compound
22 with tyrosinase (PDB: 2Y9X) indicated that compound 22 interacted with the amino acid residues of tyr-
osinase. The results of anti-browning test showed that compounds 21, 22 and 26 had significant tyrosinase
inhibition and anti-browning effects on fresh-cut apple slices at 4 °C in 48 h. Compound 22 could be used as
novel tyrosinase inhibitor to delay fruit browning.

1. Introduction

Tyrosinase is a copper-containing metalloenzyme which was widely
distributed in plants, animals and microorganisms nature. Tyrosinase
derives its name from its substrate r-tyrosine, which catalyzes the
conversion of i-tyrosine to 3,4-dihydroxyphenylalanine (z-Dopa), it is
further oxidized to dopamine and eventually to melanin [1]. The first
promotes the rate-limiting step of the overall melanin biosynthesis
consisting in the hydroxylation of tyrosine to DOPA, followed by the

oxidation of the latter to DOPA quinine [2]. Tyrosinase could cause
browning of fruits, leading to loss of glossy appearance and relish of the
fruits [3]. Cytotoxicity, stability and selectivity are the main reasons
behind the failure of large of number tyrosinase enzyme inhibitors [4].
Researchers are making the unremitting effort to explore effective tyr-
osinase inhibitors with side effect as weak as possible.

Natural products are the important source of the precursor of tyr-
osinase inhibitors. Cinnamic acid (Fig. 1) is a typical constituent from
Cinnamomum cassia Blume which has been widely used in food industry

Abbreviations: CCK-8, Cell Counting Kit-8; DMAP, 4-(dimethylamino)-pyridin; EDCI, 1-(3-Dimethylaminopropyl)- 3-ethylcarbodiimide hydrochloride; 4-HBA, 4-
hydroxybenzoic acid; ICsp, 50% inhibiting concentration; K;, inhibition constant; t-Dopa, 3,4-dihydroxyphenylalanine; TMCA, 3,4,5-trimethoxycinnamic acid; SAR,

structure-activity relationship; Ve, vitamin C
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Fig. 1. Lead compounds and the designed vanillyl cinnamate analogues.

as additive [5]. The anti-melanin ability of cinnamic acid has been
reported and revealed that this compound influenced on the expression
level of enzymes related to the enzymes of melanin [6], additionally,
the cinnamic acid derivatives have been disclosed to exhibit anti-tyr-
osinase effect [7-9]. Gastrodia elata Blume is a traditional medicinal
herb widely utilized in orient area [10], and the anti-melanogenesis
ability of Gastrodia elata has been explored [11,12]. Vanillyl alcohol is a
main constituent from Gastrodia elata, and is the intermediate to obtain
the extensively used food additive vanillin [10]. Vanillyl alcohol has
been report to exert multiple kinds of bioactivities including anti-
asthmatic and anticonvulsant, while the tyrosinase inhibiting activity of
vanillyl alcohol has not been disclosed. 4-Hydroxybenzyl alcohol, a
representative constituent from Gastrodia elata, is the intermediate to
synthesize gastrodin and 4-hydroxybenzoic acid (4-HBA) [13]. 4-Hy-
droxybenzyl alcohol is structurally similar to the generally reference
drugs kojic acid (5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one) and
hydroquinone, and the tyrosinase inhibiting activity of 4-hydro-
xybenzyl alcohol has been presented [14]. Acegastrodine is a marked
sedative drug in China approved by CFDA (H20013040), and is partly
similar to the known tyrosinase inhibitory agent arbutin. Ester com-
pounds like epigallocatechin gallate plays important roles in the de-
velopment of industrial food additive, meanwhile, the antioxidant [15],
antibacterial [16] and anti-tyrosinase [17] properties have been widely
reported, which proves the rationality of the existing of ester moiety,
herein, we design and synthesis a cluster of ester compounds containing
the group of precursors to investigate the potential anti-browning
agents.

Fresh-cut apples provide customers with freshness, convenience and
nutrition [18,19], it is susceptible to be damaged due to enzymatic
browning in the process of being cut or peeled. The enzymatic
browning is caused by catalytic oxidation under polyphenol oxidase
and peroxidase [20]. It is estimated that enzymatic browning causes
more than 50% fruit loss [21].

In this study, a series of vanillyl cinnamate analogues (1-26) was
synthesized and introduced three kinds of the substituted group on the
benzene ring of cinnamic acid (S;-S3). Among them, 3,4,5-trimethox-
ycinnamic acid (TMCA) is an important active constituent from
Polygalae Radix [22,23]. 3-Methyl-butenyl and acetyl glucose group
(Scheme 1) were introduced to form the etherification products of 4-
hydroxybenzyl alcohol and vanillyl alcohol. The activity of esterifica-
tion products of phenolic hydroxyl group on 4-hydroxybenzyl alcohol
and vanillyl alcohol using the substituted cinnamic acids has also been
discussed (19-26).

To furnish the better inhibitors with intriguing structural features,
we investigated the pharmacological properties of the synthesized
compounds. Most of the synthesized derivatives exhibited moderate

inhibitory activity in the test dosage. The strategy of combining ki-
netics, UV-visible spectra and molecular docking facilitate the ela-
boration of the inhibitory mechanism. Furthermore, the most promising
compound is studied as an effective preservative to delay the browning
of fresh-cut apples.

2. Results and discussions
2.1. Mushroom tyrosinase inhibition

The whole synthesized compounds were evaluated to validate their
role as tyrosinase enzyme inhibitors. Kojic acid was used as a standard
and the results obtained as inhibition (%) value are summarized in
Table 1. Interestingly, except for compounds 20 and 24, most of the
synthesized compounds exhibited inhibition potential against mush-
room tyrosinase at the dose of 1mg/mL. Furthermore, active com-
pounds 4, 5, 8, 21, 22, 23 and 26 which exhibited favorable inhibitory
effect with the values more than 40% in the initial screen were selected
from the preliminary screen to measure the ICso values (Table 2). All
the tested compounds showed much better potential compared to
standard kojic acid. The compound 22 was found to be a dominant
inhibitor compared to other derivatives in the series with ICs, value of
213.2 M.

As for the structure-activity relationship, firstly, we consider that
the non-methoxyl substituted on the C-3 on the benzene ring of vanillyl
moiety is good for activity (Fig. 2). It is obviously that the potential
inhibition of 4-hydroxybenzyl alcohol analogues is better for vanillyl
alcohol analogues according to the test results, which is relative to the
structural similarity between 4-hydroxybenzyl alcohol and hydro-
quinone. Secondly, the rank of activity for the different substituted
groups on cinnamic acid: 3,4-dioxymethyl > 3,4-dimethoxyl > non-
substituted > 3,4,5-trimethoxyl. Typical potential compounds 21 and
22 contain 3,4-dimethoxyl or 3,4-dioxymethyl group in structure, while
3,4,5-trimethoxyl cinnamic acid analogues performed weak inhibition
in test, revealing that substituted groups of C-3 and C-4 on the benzene
ring of cinnamic acid are indispensable for the anti-tyrosinase activity,
which is corresponding to the know active anti-tyrosinase agents ferulic
acid and caffeic acid. Thirdly, the substituted cinnamyl group on phe-
nolic hydroxyl group of vanillyl moiety is helpful to promote activity,
while 3-methyl-butenyl and acetyl-glucopyranosyl etherification may
have diminished its activity. We can deduce this argument by com-
paring the activity of compounds 4 and 22, 4 and 18, respectively.

2.2. Cytotoxicity of compounds 21, 22 and 26

As we should see in Fig. 3, the cytotoxicity of compounds 21, 22 and
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Scheme 1. Synthesis of the vanillyl cinnamate analogues derivatives.
Table 1
Measured results of target compounds (1 mg/mL) on enzymatic-based tyrosinase activity inhibition percentage.
Com. Inhibition (%) + SD Com. Inhibition (%) + SD Com. Inhibition (%) + SD Com. Inhibition (%) + SD
Kojic acid 86.7 = 2.4* 7 31.3 £ 2.0 14 9.5 = 1.0 21 84.7 = 1.7*
1 154 + 0.4 8 48.0 = 1.5% 15 17.8 + 1.4 22 91.6 + 2.2%
2 364 = 1.8 9 12.0 = 2.1 16 19.1 = 0.8 23 62.8 = 2.0*
3 332 £ 11 10 115 £ 1.5 17 11.1 = 1.0 24 —4.8 £ 0.5
4 66.8 = 1.5% 11 158 + 1.2 18 12.4 + 2.8 25 426 = 1.1
5 51.4 = 2.3* 12 27.8 £ 0.7 19 11.7 = 1.9 26 75.9 + 1.2*
6 16.7 = 0.9 13 14.7 = 1.3 20 —-25 * 0.3

+

Notes: Values represent the mean
P < 0.05, according to Tukey test.

26 was evaluated on the proliferation of normal liver cells L02 and
(Fig. 3A) and B16 melanoma cells (Fig. 3B), the cells were treated with
0, 25, 50, 100, 200 and 400 uM of the test compounds for 24 h, re-
spectively. Compounds 21, 22 and 26 exerted weak cytotoxicity

Table 2
Measured results of ICs, values for active compounds on enzymatic-based tyr-
osinase activity inhibition.

Com. 1Csp (UM) Com. 1Cso (UM)

Kojic acid 1145 8 > 1000
4-Hydroxybenzyl alcohol  365.8 (311.9-443.2) 21 268.5 (198.7-323.4)
Cinnamic acid > 1000 22 213.2 (165.0-231.9)
4 > 1000 23 669.7 (483.3-721.7)
5 > 1000 26 413.5 (355.2-441.1)

standard deviation (SD) of mushroom tyrosinase inhibition experiments (n = 3). Values followed by * are statistical different at

(< 10%) against normal liver cell LO2 and B16 melanoma cells at the
dosage of 200 pM, suggesting the safety of synthetic derivatives.

2.3. Cellular tyrosinase inhibitory activity of compounds 21, 22 and 26

Based on the results exhibited in Fig. 4, compounds 21, 22 and 26
were proved to effectively suppressed the activity of cellular tyrosinase
in B16 melanoma cells in a dose-dependent manner. Among the tested
active compounds, compound 21 (inhibition: 48.4%) and 22 (inhibi-
tion: 45.6%, Fig. 5) showed the remarkable cellular tyrosinase in-
hibitory activity compared to the moderately active compound 26
(inhibition: 26.9%) at the dose of 200 uM. Both the compounds 21 and
22 displayed better inhibitory effect than the reference arbutin (28.2%,
1 mM). The sequence of the activity for compounds was consistent with
the result in enzyme inhibition determination and the deduction from
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Fig. 2. Preliminary structure-activityrelationship (SAR) of the synthesized derivatives.
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Fig. 3. Cell viability (%) of normal liver cell LO2 (A) and B16 melanoma cells (B) after 24 h of treatment with compounds 21, 22 and 26. Each value is presented as
the mean *+ standard deviation (SD). Significant difference with control group: *p < 0.05.

the SAR research. Considering that the active vanillyl cinnamate ana-
logues did not show cytotoxicity at concentrations below 400 uM, as
shown in Fig. 3, the inhibition of tyrosinase activity was attributed to
direct tyrosinase inhibition by the analogues, rather than cytotoxicity.
The esterification on the C-4 position vanillyl moiety promoted the
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Fig. 4. Cellular tyrosinase inhibitory activity of compounds 21, 22 and 26 in

p < 0.0001 (compared with model group), ##: p < 0.01 (compared with
control group).

Fig. 5. Cellular tyrosinase inhibitory activity of the most promising compound
22 at different concentrations.

hydrophobic character and the liposolubility, thus favoring its per-
meation through the lipoid layer of the cell membrane.

2.4. Melanin production inhibitory effect of compounds 21, 22 and 26

The similar result was observed in the melanin production in-
hibitory effect test between the inhibition of tyrosinase activity (Fig. 6).
Compounds 21, 22 and 26 suppressed the melanin production with the
inhibition ratio values of 42.0%, 44.2% and 30.41%, respectively.
These results provided evidences that inhibition of melanin production
was due to inhibition of tyrosinase activity by the active vanillyl cin-
namate analogues.

2.5. Kinetic mechanism

Kinetic studies were carried out to investigate the inhibitory me-
chanism of active compounds on tyrosinase inhibition. According to
ICso values, we pick up our most promising compounds 21, 22 and 26
to evaluate their inhibition constant and inhibition type. The inhibitory
effects of different concentrations of compounds 21 (A), 22 (B) and 26
(C) on the oxidation of r-Dopa by mushroom tyrosinase were studied
Fig. 7. The line Fig. 7(a) showed that under different concentrations of
compounds, the residual enzyme activity shows a series of straight lines
along the curve of enzyme concentration, and these straight lines all
passed through the origin. The slope of the curve shows downtrend with
the increase of the inhibitor concentration indicating that the inhibitory
mechanism by compounds on diphenolase was reversible [24].

A kinetic study was conducted to explore the inhibition type of
compounds 21, 22 and 26 on tyrosinase by Line weaver-Burk plot
analysis as shown in the line Fig. 7(b). A series of straight lines inter-
sected at a point in the second quadrantindicating that compounds 21
and 22 were mixed type inhibitors with a K; value of 7.7nM and
18.3nM, and Kis value of 3.6 nM and 4.4 nM, respectively [25]. The K;
value and K;; value was calculated from the plot of the slope in the line
Fig. 7(c) and intercept the line Fig. 7(d) versus inhibitor concentrations.
And the K; value of inhibitor larger than their K;s value, indicating that
the affinity of the inhibitors for the enzyme-substrate complex was
greater than that for the free enzyme [26]. And the series of straight
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Fig. 6. Melanin production inhibitory effect of compounds 21, 22 and 26 in
B16 melanoma cells. Notes: *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****:
p < 0.0001 (compared with model group), ##: p < 0.01 (compared with
control group).

lines interected at a point on the ordinate indicating that compound 26
was competitive inhibitor with a K; value of 6.1 nM [27]. For the mix-
type inhibitor, it binds not only the enzyme substrate complex, but also
to free enzyme, but the competitive inhibitor only binds to the free
enzyme.

2.6. Effect of compound 22 on UV-visible spectra of tyrosinase

Effect of the most active compound 22 located in the active center
of tyrosinaseon UV-visible spectra of tyrosinase dinuclear copper ions,
which plays a fundamental role in the catalytic process by interacting
with oxygen molecular. The direct interaction of the compound 22 with
the copper ion was also assessed (Fig. 8A). The peak height of inhibitor
decreased gradually with the increase of copper ion concentration,

v (nM/min)
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indicating that the compound 22 could bind to tyrosinase. Moreover,
the peaks then returned to their original absorption maxima in the
presence of ethylenediaminetetraacetic acid (EDTA). The increase of
inhibitor concentration with the reduction of peak at 475 nm (Fig. 8B),
indicated the compound 22 can effectively decrease the production of
dopamine quinone.

2.7. Inhibitory effects of compounds 21, 22 and 26 on the browning of
fresh-cut apple slices

In general, L*, a* and b* have been adopted as the most critical
parameters for prevention the extent of browning in fruits. Lower L*
and higher a+ values indicate that the products become darker.
Previous studies revealed that the combined effect of Vc (vitamin C)
and compounds or plants extracts on maintaining quality of fresh-cut
apples and exhibiting better anti-browning effects [28]. Herein, we
chose L* value as marker parameters to assess the anti-browning cap-
ability of the tested compounds. The initial L* values of all the groups
were equal statistically and they tended to reduce with storage time
extension. Different treatments of water, Vc, 4-hydroxybenzyl alcohol,
vanillyl alcohol, cinnamic acid, compounds (21, 22 and 26), and
compounds (21, 22 and 26) in combination with Vc were assayed for
anti-browning effect on fresh-cut apple slices. Based on the change of L*
values, the apples treated with water almost did not show anti-
browning effect. Additionally, 4-hydroxybenzyl alcohol (Fig. 9A and C)
and vanillyl alcohol (Fig. 9B) not only did not show the effect of anti-
browning, but also appeared to aggravate the phenomenon of browning
compared to water. Browning of fresh-cut fruits provoked by slicing and
peeling due to the tissue damage, which includes non-enzymatic and
enzymatic browning reactions during storage and processing [29]. This
phenomenon could be related to other factors other than tyrosinase, but
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Fig. 7. Inhibition of compound 21 (A), compound 22 (B) and compound 26 (C) on diphenolase activities of mushroom tyrosinase. (a) Effects of tyrosinase con-
centrations on its diphenolase activities at different concentrations of inhibitors. The concentrations of compound 21, 22 and 26 for curves were 0, 0.12, 0.24, 0.5,
and 1.0 uM (follow the sequence of arrows). (b) Lineweaver-Burk plots for mushroom tyrosinase with .-Dopa as substrate in the presence of compound 21, 22 and 26.
The concentrations of compound 21, 22 and 26 for curves were 0, 0.12, 0.24, 0.5, and 1.0 pM (follow the sequence of arrows). The final enzyme concentration was 24
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Fig. 8. UV-visible spectra for the interaction be-
tween compound 22 and tyrosinase. (A) Absorption
spectra for compound 22 upon the addition of dif-
ferent concentrations of CuSO, as well as EDTA. (B)
Absorption spectra of tyrosinase in the absence and
presence of compound 22. The abbreviation E re-
presents the tyrosinase. The meaning of U is the unit
of enzyme activity.
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its mechanisms still need to be studied. Vc is better at preservation than
cinnamic acid, while compounds 21, 22 and 26 alone showed much
better anti-browning effect than Ve (Fig. 9A, B, C). Compounds 21, 22
and 26 in combination with 0.5% V¢, respectively, exhibited significant
anti-browning effects, better than compounds 21, 22 and 26 alone, and
compound 22 + 0.5%V¢ was the most effective.

Although the anti-browning mechanism of active compounds has
not been reported, the above results suggested the browning inhibition
of compounds may be accomplished through a mechanism similar with
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inhibition of tyrosinase. The finding preliminarily demonstrate that the
active compounds could be potential preservative as anti-browning
agents for fresh-cut fruits (Fig. 10).

2.8. Molecular docking analyses

The construction of molecular and the analysis of docking between
2Y9X and tropolone, kojic acid, the active compounds 21, 22 and 26
were possessed as delineated in the subsequent section. The

80 C
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Fig. 9. Reflectance measurement of L* of fresh-cut apple treated with the different tested solutions and stored at refrigerator at 4 °C in 0-48 h. The final concentration

of all compounds was 2 mM.
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Fig. 10. Anti-browning effect of test compounds protecting against fresh-cut
apples (correspondence of possess on the test apple pieces from left to right:
first line: water, vanillyl alcohol, 4-hydroxybenzyl alcohol, cinnamic acid and
Vc; second line: compound 21, compound 21 + V¢, compound 22, compound
22+ Ve, compound 26 and compound 26 + Vc).

computationally predicted lowest energy complex is stabilized by the
intermolecular hydrogen bonds and stacking interactions. The steric
bulk and type of functional groups determine the interactions in the
complex. The binding affinity of the enzyme-inhibitor complexes
during docking was calculated, not only the best score which indicating
the matching energy was considered, but also the optimal conformation
was included to achieve geometric matching and exclude unfavorable
interactions. As we can see (Table 3), the results of docking were ba-
sically consistent with the rule of structure-function relationship, the
substituted cinnamyl group on phenolic hydroxyl group of vanillyl
moiety was helpful to enormously promote the binding affinity of the
enzyme-inhibitor complexes, ester bond played important roles in in-
teracting with the protein. As for the interaction energy, the result
showed that compound 21, 22 and 26 performed better than the ori-
ginal ligand tropolone and the reference drug kojic acid. Additionally,
compound 21 unexpectedly exerted the best interaction with the pro-
tein, which was partly different with the result of the enzyme inhibition
test. Generally, the active residues of tyrosinase including HIS 263, VAL
283, PHE 264, HIS 85, HIS 259 and ALA 286 can interact with com-
pounds 21, 22 and 26 in different degree (Fig. 11) [30-32], moreover,
compounds 21 and 22 showed potential interaction with active copper
ion in tyrosinase, which provided evidence for the result in UV-visible
spectra. Compared with tropolone and kojic acid, the tests compounds
had greater volume, which indicated these compounds trends to form
hydrophobic effect with smaller residues in the pocket area like SER
282 and ALA 286. The residue ARG 268 was the potential key residue
interacting with compounds 21 and 22 which has not been reported,
the basic moiety of arginine showed electron donating property, the

Table 3

Measured results of binding affinity of the enzyme-inhibitor complexes for docking.
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covalent H was easily to form H-bond with electrophilic O atom in ester
group.

3. Conclusion

In conclusion, a series of the substituted vanillyl cinnamate analo-
gues have been designed and synthesized as novel tyrosinase inhibitory
agents and applied in anti-browning of fresh-cut apples. The results
indicated that the active compounds showed tyrosinase inhibitory ef-
fect with ICso values range and better than kojic acid. The most pro-
mising compound 22 was proved to be potential tyrosinase inhibitor in
the synthesized derivatives with the ICs, value of 213.2 uM. Inhibition
of tyrosinase activity and melanin content in B16 melanoma cells in-
vestigations indicated that compounds 21, 22 and 26 inhibited both
cellular tyrosinase activity and melanin content dose-dependently and
more strongly than the reference standard arbutin. Additionally, the
kinetic mechanism disclosed the competitive mode of compound 26
and the mixed-type manner of compounds 21 and 22. Molecular
docking analysis was performed to delineate the binding affinity of the
ligand in the active site of target protein. Compounds 21, 22 and
26 + 0.5% Vc showed a satisfactory effect in anti-browning of fresh-cut
apples. From the above results, it could be deduced that compound 22
can serve as structural template in designing of inhibitors against tyr-
osinase enzyme and anti-browning agents for fresh-cut fruit, which
might provide new idea for drug design.

4. Experimental
4.1. Chemistry

The chemicals and reagents were purchased from several chemical
companies such as Alfa-Aesar, Macklin and J&K China. All reactions
were monitored by TLC using silica gel plates with fluorescence F256
and UV light visualization. The mixtures were purified by flash column
chromatography using silica gel (200-300 mesh). 'H NMR and '°C
NMR spectra were obtained by Varian Gemini 2000 DMX600 MHz FT
NMR spectrometers using CDCl; as a solvent and TMS as an internal
standard. The chemical shifts were expressed in ppm. Mass spectral ESI
measurements were executed on Agilent 6520 Accurate-mass Q-TOF
LC/MS instruments. The spectra were performed in the positive ion
mode at a declustering potential of 4000 V. Melting points were de-
termined in a WRS-1B apparatus and are uncorrected.

4.1.1. Synthesis of compounds 1-8 and 19-26

General experimental procedure for the synthesis of vanillyl cin-
namate derivatives (1-8 and 19-26): a mixture containing substituted
cinnamic acids (4.0 mmol, 1.0 equiv.), 1-(3-Dimethylaminopropyl)- 3-
ethylcarbodiimide hydrochloride (EDCI, 4.0 mmol, 1.0equiv.), 4-(di-
methylamino)-pyridin (DMAP, 1.0 mmol, 0.25 equiv.) and vanillyl al-
cohol or 4-hydroxybenzyl alcohol (1.5mmol, 0.375 equiv.) in the

Com. CDOCKER interaction energy (Kcal/ Key interactions
mol)

Tropolone —41.46 HIS 263 (pi-pi stacked), VAL 283 (pi-alkyl), CU 401 (van der Waals), PHE 264 (van der Waals), HIS 85 (van der Waals), HIS
259 (pi-donor H-bond)

Kojic acid —-32.23 CU 401 (metal-acceptor), CU 400 (metal-acceptor), ASN260 (H-bond), HIS 263 (pi-pi stacked), VAL 283 (pi-alkyl), ALA 286
(pi-alkyl), HIS 259 (pi-donor H-bond), HIS 85 (pi-donor H-bond), HIS 296 (van der Waals)

21 —53.21 CU 401 (metal-acceptor), CU 400 (van der Waals), ARG 268 (H-bond), HIS 263(pi-pi stacked), ASN 260 (pi-long pair), VAL
283 (pi-alkyl), ALA 286 (van der Waals), HIS 259 (pi-donor H-bond) HIS 85 (van der Waals)

22 —46.23 CU 401 (van der Waals), ARG 268 (H-bond), HIS 263 (van der Waals), VAL 283 (pi-alkyl), SER 282 (pi-pi stacked), ALA 286
(van der Waals), HIS 85 (van der Waals), HIS 259 (van der Waals)

26 —44.53 VAL 283 (H-bond), HIS 244 (H-bond), HIS 263 (van der Waals), PHE 264 (pi-pi stacked), ALA 286 (van der Waals), HIS 85

(van der Waals), HIS 259 (van der Waals)
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Fig. 11. Ligand-protein interactions of tropolone, kojic acid, active compounds 21, 22 and 26 with the active site of mushroom tyrosinase (2Y9X) accomplished by
Discovery Studio 2019 The upward side horizontal pictures show the3D docking of ligands in the active binding pocket with the hydrophobic effect area displayed.
The medium row of pictures shows the 2D interaction pattern between the ligands and protein. The bottom of the figure represents the important interactions

between the ligand atoms and the amino acid residues of the protein.

presence of anhydrous dichloromethane (30 mL) was thoroughly stirred
at room temperature for 6-10h till the completion of reaction. The
obtained product was extracted with sodium bicarbonate water solution
and diluted hydrochloric acid. The organic layer was dried over an-
hydrous sodium sulphate and evaporated to dryness to give the crude
product. The obtained residue was purified by silica gel chromato-
graphy using petroleum ether/ethyl acetate (6:1, v:v) as original eluent
to give the pure compounds 1-8 and 21-26 (Scheme 1).

4.1.2. Synthesis compounds 9-18

Excess K;CO3 and a small amount of KI as the catalyst were added to
a solution of the vanillin or 4-hydroxy benzaldehy (20 mmol, 1.0
equiv.) in dimethyl formamide (80 mL). After stirring for 30 min, 3-
methyl-butenyl bromide or 2,3,4,6-O-tetraacetyl-a-p-glucopyranosyl
bromide (22 mmol, 1.1 equiv.) was added and the resulting mixture
was stirred at 65 °C for 3-6 h. After completion of the reaction, the solid
was filtered, and the solution was concentrated in vacuo. The crude
product was purified by chromatography on silica gel using petroleum
ether/ethyl acetate (5:1, v:v) as original eluent to give the etherification
intermediates. Then the substituted hydroxy aldehydes were reduced
by sodium borohydride to give corresponding alcohols, and subse-
quently the alcohols were used to esterification with substituted cin-
namic acids to give compounds 9-18 using EDCI-DMAP as activation
system.

All titled compounds 1-26 were successfully synthesized using the
synthetic protocols presented in Scheme 1. Identification of compounds
1-26 is listed, the identification data of some compounds can be found
in our previously published literature [33]:

4-hydroxybenzyl cinnamate (1) White solid. m.p. 119-122°C. Yield:
85%; R¢ = 0.5 (Hexane/EtOAc = 4:1, v/v); '"H NMR (600 MHz, CDCl3)
§ ppm: 7.88 (d, J=16.0Hz, 1H), 7.60 (dd, J = 6.7, 3.0Hz, 2H),
7.45-7.39 (m, 5H), 7.17 (d, J = 8.3 Hz, 2H), 6.64 (d, J = 16.0 Hz, 1H),
4.72 (d, J = 5.3 Hz, 2H); *C NMR (151 MHz, CDCl3) § ppm: 165.66,
150.45, 146.91, 130.96, 129.23, 128.53, 128.33, 121.98, 117.42,
65.07.; HRMS(ESI) m/z caled for Ci6H1405 ([M+H]"): 255.1016;
found: 255.1053.

4-hydroxybenzyl (E)-3-(3,4,5-trimethoxyphenyl)acrylate (2), data can
be found in reference [33].

4-hydroxybenzyl (E)-3-(3,4-dimethoxyphenylacrylate (3) White

solid. m.p. 133-135 °C. Yield: 73%; R; = 0.4 (Hexane/EtOAc = 1:1,v/
v); 'H NMR (600 MHz, CDCl3) & ppm: 7.81 (d, J = 15.9Hz, 1H), 7.41
(d, J = 8.1 Hz, 2H), 7.19-7.11 (m, 4H), 6.90 (d, J = 8.3 Hz, 1H), 6.50
(d, J = 15.9Hz, 1H), 4.70 (s, 2H), 3.93 (s, 6H);'>C NMR (151 MHz,
CDCl3) & ppm: 165.91, 151.73, 149.50, 146.82, 138.59, 128.30,
127.34, 123.25, 121.98, 114.98, 111.29, 109.97, 65.03, 56.22, 56.13;
HRMS(ESI) m/z caled for CigH150s ([M+Na]*): 315.1227; found:
315.1248.

4-hydroxybenzyl (E)-3-(benzo[d][1,3]dioxol-5-yDacrylate (4) White
solid. m.p. 133-137 °C. Yield: 78%; R¢ = 0.6 (Hexane/EtOAc = 3:1, v/
v); 'H NMR (600 MHz, CDCl3) é ppm: 7.77 (d, J = 15.9 Hz, 1H), 7.41
(d, J =8.1Hz, 2H), 7.15 (d, J = 8.2Hz, 2H), 7.11-7.00 (m, 2H),
6.87-6.80 (m, 1H), 6.45 (d, J = 15.9Hz, 1H), 6.03 (s, 2H), 4.71 (s,
2H);13C NMR (151 MHz, CDCl3) 6 ppm: 165.85, 150.50, 148.68,
146.60, 138.56, 128.81, 128.32, 125.15, 122.00, 115.24, 108.87,
106.83, 101.89, 65.08; HRMS(ESI) m/z calcd for C;,H;405 [M+H]"):
299.0914; found: 299.0919.

4-hydroxy-3-methoxybenzyl cinnamate (5) White solid. m.p.
130-134 °C. Yield: 75%; R; = 0.6 (Hexane/EtOAc = 2:1, v/v); 'H NMR
(600 MHz, CDCl3) é ppm: 7.88 (d, J = 16.0 Hz, 1H), 7.59 (dd, J = 6.5,
3.0 Hz, 2H), 7.46-7.37 (m, 3H), 7.14-7.03 (m, 2H), 6.95 (d, J = 8.0 Hz,
1H), 6.67 (d, J = 16.0Hz, 1H), 4.70 (s, 2H), 3.85 (s, 4H);'*C NMR
(151 MHz, CDCl3) & ppm: 165.28, 146.87, 140.10, 134.45, 130.85,
129.17, 128.52, 123.07, 119.23, 117.13, 111.30, 65.31, 56.16; HRMS
(ESI) m/z caled for C,7H;604 [M+H]): 307.0941; found: 307.0956.

4-hydroxy-3-methoxybenzyl  (E)-3-(3,4,5-trimethoxyphenylacrylate
(6), data can be found in reference [33].

4-hydroxy-3-methoxybenzyl (E)-3-(3,4-dimethoxyphenyDacrylate (7)
White solid. m.p. 146-149°C. Yield: 74%; R;= 0.4 (Hexane/
EtOAc = 2:1,v/v); 'H NMR (600 MHz, CDCl;) & ppm: 7.82 (d,
J =15.8Hz, 1H), 7.17 (dd, J = 8.2, 1.9Hz, 1H), 7.12 (d, J = 1.9 Hz,
1H), 7.10-7.05 (m, 2H), 6.97-6.94 (m, 1H), 6.89 (d, J = 8.2 Hz, 1H),
6.55 (d, J = 15.9 Hz, 1H), 4.70 (d, J = 5.4 Hz, 2H), 3.93 (d, J = 2.6 Hz,
6H), 3.86 (d, J = 1.8 Hz, 3H); °C NMR (151 MHz, CDCl;) § ppm:
165.52, 151.64, 149.46, 146.80, 140.01, 139.39, 127.45, 123.28,
123.13, 119.24, 114.73, 111.28, 111.26, 109.91, 65.35, 56.21, 56.12;
HRMS(ESI) m/z caled forCioHo00¢ [M+H]'): 345.1333; found:
345.1355.

4-hydroxy-3-methoxybenzyl (E)-3-(benzo[d][1,3]dioxol-5-yDacrylate
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(8) White solid. m.p. 150-156°C. Yield: 71%; R¢= 0.7 (Hexane/
EtOAc = 4:1, v/v); 'H NMR (600MHz, CDCl;) § ppm: 7.78 (d,
J =15.9Hz, 1H), 7.11-7.04 (m, 5H), 6.95 (dd, J = 8.0, 1.8 Hz, 1H),
6.84 (d, J = 8.0Hz, 1H), 6.49 (d, J = 15.9 Hz, 1H), 6.03 (s, 2H), 4.70
(d, J = 4.7 Hz, 2H), 3.85 (s, 3H);13C NMR (151 MHz, CDCl3) § 165.44,
151.60, 150.15, 148.63, 146.56, 140.01, 139.39, 128.92, 125.10,
123.12,119.24, 115.00, 111.30, 108.83, 106.86, 101.85, 65.36, 56.17;
HRMS(ESI) m/z caled forCigH;60¢ ([M+Na]™): 351.0839; found:
351.0851.

4-((3-methylbut-2-en-1-yloxy)benzyl cinnamate (9) Yellow liquid.
Yield: 74%; Rf = 0.7 (Hexane/EtOAc = 5:1, v/v);'H NMR (600 MHz,
Chloroform-d) § ppm: 7.72 (d, J = 16.0Hz, 1H), 7.51 (dd, J = 6.5,
3.1 Hz, 2H), 7.41-7.34 (m, 5H), 6.93 (d, J = 8.3Hz, 2H), 6.47 (d,
J=15.9Hz, 1H), 5.50 (t, J =6.9Hz, 1H), 5.19 (s, 2H), 4.53 (d,
J = 6.8 Hz, 2H), 1.81 (s, 3H), 1.75 (s, 3H).;'>C NMR (151 MHz, cdcls) §
ppm: 167.06, 159.17, 145.18, 138.49, 134.60, 130.32, 129.07, 128.27,
119.76, 118.25, 114.91, 66.44, 64.99, 26.03, 18.40.; HRMS(ESI) m/z
caled forCyHy,03 ([M+Nal *): 345.1416; found: 345.1447.

4-((3-methylbut-2-en-1-yDoxy)benzyl (E)-3-(3,4,5-trimethoxyphenyl)
acrylate (10), data can be found in reference [33].

4-((3-methylbut-2-en-1-yDoxy)benzyl (E)-3-(3,4-dimethoxyphenylac-
rylate (11)Pale yellow solid. m.p. 56-60°C. Yield: 61%; R¢= 0.6
(Hexane/EtOAc = 5:1, v/v);'H NMR (600 MHz, CDCl;) § ppm: 7.65 (d,
J =15.9Hz, 1H), 7.37-7.33 (m, 2H), 7.09 (dd, J = 8.3, 2.0Hz, 1H),
7.03 (d, J = 2.0 Hz, 1H), 6.93-6.90 (m, 2H), 6.85 (d, J = 8.3 Hz, 1H),
6.34 (d, J = 15.9Hz, 1H), 5.52-5.47 (m, 1H), 5.17 (s, 2H), 4.52 (d,
J = 6.7 Hz, 2H), 3.91 (s, 4H), 3.89 (s, 3H), 1.80 (s, 3H), 1.74 (s, 2H);13C
NMR (151 MHz, CDCl3) & ppm: 167.30, 159.15, 151.33, 149.39,
145.09, 138.53, 130.32, 128.35, 127.60, 122.85, 119.75, 115.94,
114.92, 111.21, 109.76, 66.34, 65.01, 56.06, 26.04, 18.41; HRMS(ESI)
m/z caled for Co3Ho60s5 ([M+Na] *): 405.1672; found: 405.1614.

4-((3-methylbut-2-en-1-yDoxy)benzyl  (E)-3-(benzo[d][1,3]dioxol-5-
yDacrylate (12) Pale yellow solid. m.p. 81-83 °C. Yield: 69%; R¢ = 0.7
(Hexane/EtOAc = 5:1, v/v); 'H NMR (600 MHz, CDCl5) § ppm: 7.61 (d,
J=15.9Hz, 1H), 7.34 (d, J=8.5Hz, 2H), 7.03-6.97 (m, 2H),
6.94-6.90 (m, 2H), 6.80 (d, J = 8.0 Hz, 1H), 6.28 (d, J = 15.9 Hz, 1H),
5.99 (s, 2H), 5.53-5.46 (m, 1H), 5.17 (s, 2H), 4.52 (d, J = 6.7 Hz, 2H),
1.80 (s, 3H), 1.75 (s, 3H);**C NMR (151 MHz, CDCls) § ppm: 167.27,
159.14, 149.82, 148.53, 144.89, 138.55, 130.32, 129.05, 128.34,
124.66, 119.75, 116.18, 114.91, 108.75, 106.70, 101.75, 66.35, 65.00,
26.05, 18.42; HRMS(ESI) m/z caled for C,oH,50s ([M+Na]l*):
389.1365; found: 389.1357.

3-methoxy-4-((3-methylbut-2-en-1-yl)oxy)benzyl cinnamate (13), data
can be found in reference [33].

3-methoxy-4-((3-methylbut-2-en-1-yl) oxy)benzyl (E)-3-(3,4,5-tri-
methoxyphenylacrylate (14), data can be found in reference [33].

2-(acetoxymethyl)-6-(4-((cinnamoyloxy)methyl)phenoxy)tetrahydro-
2H-pyran-3,4,5-triyl triacetate (15) Pale yellow solid. m.p. 108-110 °C.
Yield: 67%; Ry = 0.5 (Hexane/EtOAc = 1:1, v/v); 'H NMR (600 MHz,
CDCl,) § ppm: 7.71 (d, J = 16.0 Hz, 1H), 7.51 (dd, J = 6.7, 3.0 Hz, 2H),
7.40-7.35 (m, 5H), 7.00 (d, J = 8.3 Hz, 2H), 6.46 (d, J = 16.0 Hz, 1H),
5.33-5.25 (m, 2H), 5.18 (d, J = 15.1 Hz, 3H), 5.09 (d, J = 7.1 Hz, 1H),
4.29 (dd, J=12.3, 5.3Hz, 1H), 4.17 (dd, J=12.3, 2.4Hz, 1H),
3.91-3.80 (m, 1H), 2.08 (s, 3H), 2.07-2.03 (m, 10H); °C NMR
(151 MHz, CDCl3) § ppm: 170.79, 170.46, 169.61, 169.51, 166.99,
157.02, 145.47, 134.51, 131.32, 130.61, 130.24, 129.12, 128.31,
117.99, 117.25, 99.26, 72.91, 72.29, 71.36, 68.48, 66.05, 62.15, 32.14,
29.92, 29.88, 20.92, 20.85, 20.84, 20.81; HRMS(ESI) m/z calcd
forCsoH35015 ([M+Na] ™): 607.1786; found: 607.1800.

(2R,3R,4S,5R, 65)-2-(acetoxymethyl)-6-(4-((((E)-3-(3,4,5-trimethox-
yphenylacryloyl) oxy)methyl)phenoxy)tetrahydro-2H-pyran-3,4, 5-triyl
triacetate(16), data can be found in reference [33].

(E)-2-(acetoxymethyl)-6-(4-(((3-(3,4-dimethoxyphenyl)acryloyl) oxy)
methyl)phenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (17) White
solid. m.p. 137-140 °C. Yield: 61%; R¢ = 0.4 (Hexane/EtOAc = 1:1, v/
v); 'H NMR (600 MHz, CDCly) § ppm: 7.65 (d, J = 15.9Hz, 1H),
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7.39-7.34 (m, 2H), 7.09 (dd, J = 8.3, 2.0 Hz, 1H), 7.06-6.98 (m, 3H),
6.86 (d, J = 8.3 Hz, 1H), 6.33 (d, J = 15.8 Hz, 1H), 5.32-5.25 (m, 2H),
5.18 (d, J = 9.7 Hz, 3H), 5.08 (d, J = 7.5Hz, 1H), 4.29 (dd, J = 12.3,
5.3Hz, 1H), 4.19-4.09 (m, 2H), 3.90 (d, J = 7.0 Hz, 6H), 3.86 (dd,
J =10.1, 5.3, 2.4Hz, 1H), 2.08 (s, 3H), 2.06-2.03 (m, 9H);'*C NMR
(151 MHz, CDCl3) § ppm: 170.78, 170.46, 169.60, 169.50, 167.20,
157.01, 151.44, 149.44, 145.37, 131.45, 130.23, 117.27, 115.67,
111.25,109.80,99.28, 72.92, 72.30, 71.37, 68.49, 65.94, 62.15, 56.20,
5610, 2086, 2082, HRMS(ESI) m/z caled forC32H36014 ([M+Na] +):
667.1997; found: 667.2010.
(E)-2-(acetoxymethyl)-6-(4-(((3-(benzo[d][1,3]dioxol-5-yDacryloyl)
oxy)methyDphenoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate (18) Pale
yellow solid. m.p. 110-113°C. Yield: 52%; R¢= 0.5 (Hexane/
EtOAc = 4:1, v/v); 'H NMR (600 MHz, CDCl;) § ppm: 7.58 (d,
J =15.9Hz, 1H), 6.76 (s, 2H), 6.37 (d, J = 15.8 Hz, 1H), 5.02 (dt,
J =9.9, 2.8Hz, 1H), 4.00 (dt, J = 10.0, 2.7 Hz, 1H), 3.90 (s, 6H), 3.88
(s, 3H), 2.46-2.39 (m, 1H), 2.27 (ddt, J = 15.0, 8.1, 2.4 Hz, 1H), 2.06
(ddd, J = 13.3, 9.4, 4.4 Hz, 1H), 1.89 (ddd, J = 15.2, 10.1, 4.5 Hz, 1H),
1.71 (t, J = 4.7 Hz, 2H), 1.62 (s, 1H), 0.87-0.83 (m, 9H); °C NMR
(151 MHz, CDCl3) é ppm: 170.78, 170.45, 169.60, 169.50, 167.15,
156.99, 149.91, 148.56, 145.15, 131.41, 130.21, 128.93, 124.75,
117.23, 115.88, 108.77, 106.67, 101.79, 99.26, 72.90, 72.28, 71.34,
68.46, 65.93, 62.14, 60.61, 29.91, 20.92, 20.85, 20.84, 20.81; HRMS
(ESI) m/z caled forCs1H35014 ([M+Na]*): 651.1684; found: 651.1689.
4-(cinnamoyloxy)benzyl cinnamate (19) White solid. m.p.
107-110 °C. Yield: 64%; R¢ = 0.7 (Hexane/EtOAc = 3:1, v/v); 'H NMR
(600 MHz, CDCl3) 6§ ppm: 7.88 (d, J=16.0Hz, 1H), 7.74 (d,
J =16.0Hz, 1H), 7.60 (dd, J = 6.7, 3.0Hz, 2H), 7.53 (dd, J = 6.7,
3.1 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 7.45-7.42 (m, 3H), 7.41-7.38 (m,
3H), 7.20 (d, J = 8.4Hz, 2H), 6.64 (d, J = 16.0Hz, 1H), 6.49 (d,
J =16.0Hz, 1H), 5.26 (s, 2H).; *C NMR (151 MHz, CDCl3) § ppm:
166.95, 165.53, 150.92, 146.99, 145.53, 130.98, 130.60, 129.79,
129.23,129.12,128.54, 128.35, 122.04, 118.00, 117.36, 65.97.; HRMS
(ESI) m/z caled forCosHo004 ([M +Nal ): 407.1254; found: 407.1266.
4-(((E)-3-(3,4,5-trimethoxyphenyDacryloyloxy)benzyl (E)-3-(3,4,5-
trimethoxyphenylacrylate (20) White solid. m.p. 88-91 °C. Yield: 53%;
R¢ = 0.7 (Hexane/EtOAc = 2:1, v/v); 'H NMR (600 MHz, CDCl;) &
ppm: 7.79 (d, J = 15.9Hz, 1H), 7.64 (d, J = 15.9 Hz, 1H), 7.50-7.43
(m, 2H), 7.22-7.18 (m, 2H), 6.82 (s, 2H), 6.76 (s, 2H), 6.54 (d,
J =15.9Hz, 1H), 6.39 (d, J = 15.9Hz, 1H), 5.25 (s, 2H), 3.90 (dd,
J =14.7, 3.1 Hz, 18H); '3*C NMR (151 MHz, CDCl3) & ppm: 166.85,
165.51, 153.72, 153.64, 150.93, 147.29, 145.79, 140.79, 133.82,
130.11, 130.01, 129.76, 121.96, 116.49, 105.90, 105.63, 105.54,
105.32, 65.98, 61.20, 56.38; HRMS(ESI) m/z calcd forCz;H3,0:¢ ([M
+Na] *): 587.1888; found: 587.1897.
4-(((E)-3-(3,4-dimethoxyphenylacryloyDoxy)benzyl  (E)-3-(3,4-di-
methoxyphenyDacrylate (21) White solid. m.p. 117-120 °C. Yield: 59%;
R¢ = 0.7 (Hexane/EtOAc = 2:1, v/v); 'H NMR (600 MHz, CDCl;) §
ppm: 7.82 (d, J = 15.9Hz, 1H), 7.67 (d, J = 15.9Hz, 1H), 7.21-7.01
(m, 7H), 6.88 (dd, J = 20.3, 8.3 Hz, 2H), 6.50 (d, J = 15.8 Hz, 1H),
6.35 (d, J = 15.9 Hz, 1H), 5.24 (s, 2H), 3.93 (d, J = 1.7 Hz, 6H), 3.91
(d, J = 1.9 Hz, 7H); *C NMR (151 MHz, cdcls) § ppm: 167.18, 165.79,
151.41, 150.97, 149.41, 146.92, 145.42, 133.84, 129.76, 127.52,
127.31, 123.28, 122.91, 122.05, 115.65, 114.90, 111.30, 111.24,
109.97, 65.88, 56.22; HRMS(ESI) m/z calcd for CogHog0g ([M+Na] *):
527.1676; found: 527.1671.
4-(((E)-3-(benzo[d][1,3]dioxol-5-yDacryloyDoxy)benzyl (E)-3-(benzo
[d][1,3]dioxol-5-yDacrylate (22) White solid. m.p. 133-137 °C. Yield:
51%; Ry = 0.7 (Hexane/EtOAc = 3:1, v/v); 'H NMR (600 MHz, CDCl5)
§ ppm: 7.77 (d, J = 15.9Hz, 1H), 7.63 (d, J = 15.9 Hz, 1H), 7.45 (d,
J = 8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 7.13-7.06 (m, 2H), 7.05-6.98
(m, 2H), 6.83 (dd, J = 20.7, 8.0 Hz, 2H), 6.45 (d, J = 15.9 Hz, 1H),
6.30 (d, J = 15.9Hz, 1H), 6.03 (s, 2H), 6.00 (s, 2H), 5.24 (s, 2H); 13C
NMR (151 MHz, CDCl;) § ppm: 167.14, 165.72, 150.93, 150.25,
149.90, 148.56, 146.67, 145.20, 133.82, 129.73, 128.98, 128.78,
125.17, 124.77, 122.03, 115.89, 115.17, 108.86, 108.76, 106.81,
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106.74, 101.88, 101.77, 65.88; HRMS(ESI) m/z calcd forC,,H500g ([M
+Na]"): 495.1056; found: 495.1019.
4-(cinnamoyloxy)-3-methoxybenzyl cinnamate (23) White solid. m.p.
166-169 °C. Yield: 58%; R¢ = 0.7 (Hexane/EtOAc = 4:1, v/v); '"H NMR
(600 MHz, CDCl3) 6 ppm: 7.89 (d, J=16.0Hz, 1H), 7.75 (d,
J = 16.0 Hz, 1H), 7.62-7.58 (m, 2H), 7.56-7.51 (m, 2H), 7.44-7.41 (m,
3H), 7.41-7.38 (m, 3H), 7.13 (d, J = 8.0Hz, 1H), 7.07-7.03 (m, 2H),
6.68 (d, J = 16.0Hz, 1H), 6.50 (d, J = 16.0 Hz, 1H), 5.25 (s, 2H), 3.87
(s, 3H); *°C NMR (151 MHz, CDCl3) § ppm: 166.96, 165.12, 151.52,
146.92, 145.58, 139.94, 135.12, 134.45, 130.87, 130.62, 129.18,
128.53, 128.36, 123.21, 121.02, 117.98, 117.11, 112.81, 66.30, 56.23;
HRMS(ESI) m/z caled forCysH,,0s ([M+Nal™): 437.1359; found:
437.1368.
2-methoxy-4-((((E)-3-(3,4,5-trimethoxyphenyl) acryloyD oxy)methyl)
phenyl (E)-3-(3,4,5-trimethoxyphenylacrylate (24) White solid. m.p.
173-176 °C. Yield: 57%; R¢ = 0.6 (Hexane/EtOAc = 2:1, v/v); '"H NMR
(600 MHz, CDCl3) 6 ppm: 8.00 (d, J=15.9Hz, 1H), 7.86 (d,
J = 15.9Hz, 1H), 7.47 (s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.14-7.01 (m,
3H), 6.97 (s, 2H), 6.79 (d, J = 15.9 Hz, 1H), 6.61 (d, J = 15.9 Hz, 1H),
5.44 (s, 2H), 4.11-4.08 (m, 21H); *C NMR (151 MHz, CDCl3) § ppm:
166.89, 165.13, 153.66, 151.51, 146.94, 145.54, 140.69, 139.96,
135.10, 129.89, 123.25, 121.14, 117.19, 116.26, 112.91, 105.71,
66.36, 61.20, 56.39, 56.25; HRMS(ESI) m/z calcd forCs;H340:1 ([M
+Na]"): 617.1993; found: 617.1948.
4-(((E)-3-(3,4-dimethoxyphenylacryloyl) oxy)-3-methoxybenzyl (E)-3-
(3,4-dimethoxyphenyDacrylate (25) White solid. mp 165-169 °C. Yield:
55%; Ry = 0.6 (Hexane/EtOAc = 2:1, v/v); 'H NMR (600 MHz, CDCl5)
S ppm: 7.82 (d, J = 15.9 Hz, 1H), 7.68 (d, J = 15.9 Hz, 1H), 7.17 (dd,
J = 8.4, 2.0Hz, 1H), 7.13-7.10 (m, 3H), 7.07-7.02 (m, 3H), 6.93-6.83
(m, 3H), 6.55 (d, J = 15.9 Hz, 1H), 6.37 (d, J = 15.9 Hz, 1H), 5.23 (s,
2H), 3.93 (s, 4H), 3.91 (d, J = 1.6 Hz, 7H), 3.87 (s, 3H); '*C NMR
(151 MHz, CDCl3) § ppm: 167.18, 165.39, 151.66, 149.47, 149.42,
146.88, 145.47, 139.98, 135.13, 127.51, 123.30, 123.26, 122.92,
121.05, 115.63, 114.67, 112.82, 111.25, 111.24, 109.90, 109.85,
66.23, 56.23, 56.21, 56.19, 56.12, 56.10; HRMS(ESI) m/z calcd
forCsoH300¢ ([M+Na]*): 557.1782; found: 557.1717.
4-(((E)-3-(benzo[d][1,3]dioxol-5-yDacryloyl)oxy)-3-methoxybenzyl
(E)-3-(benzo[d][1,3]dioxol-5-yDacrylate  (26) White solid. mp
186-190 °C. Yield: 65%; R; = 0.7 (Hexane/EtOAc = 5:1, v/v); 'H NMR
(600 MHz, CDCl3) & ppm: 7.78 (d, J=15.9Hz, 1H), 7.64 (d,
J = 15.9 Hz, 1H), 7.15-7.00 (m, 7H), 6.83 (dd, J = 14.5, 8.0 Hz, 2H),
6.49 (d, J=15.8Hz, 1H), 6.32 (d, J=15.9Hz, 1H), 6.02 (d,
J =13.2Hz, 4H), 5.22 (s, 2H), 3.86 (s, 3H).; '*C NMR (151 MHz,
CDCl3) 6 ppm: 167.14, 165.31, 151.53, 146.62, 145.25, 139.95,
135.13, 128.98, 125.11, 124.79, 123.22, 121.00, 115.88, 114.96,
112.78,108.78, 106.86, 106.74, 101.85, 66.21, 56.22; HRMS(ESI) m/z
caled for CygH5500 ([M+Na] *): 525.1156; found: 525.1150.

4.2. Biological activity

4.2.1. Tyrosinase inhibition assay

The measurement of tyrosinase (EC 1.14.18.1) inhibition was pos-
sessed according to the method of Saeed [1] with minor modifications.
Briefly, 30 uL. of mushroom tyrosinase (24 U/mL) and 70 pL of the in-
hibitor solution (1 mg/mL) were placed in the wells of a 96-well micro
plate. After pre-incubation for 10 min at room temperature, 110 uL of -
Dopa (1 mM) was added. After that 40 pL of phosphate buffer (20 mM,
pH 6.8) was add into each well to a final volume at 250 pL and the assay
plate was further incubated at 35°C for 12 min. Afterward the absor-
bance of dopachrome was measured at 475nm using a micro plate
reader (INFINITE 200 PRO, TECAN, Tunable). Kojic acid (0.125, 0.25,
0.5, 1, 2 and 4 mM) was used as a reference inhibitor and phosphate
buffer was used as a negative control. The amount of inhibition by the
test compounds was expressed as the percentage (%) in the preliminary
screening. Then 50% inhibiting concentration (ICso) for active com-
pounds was preliminary screen. Each concentration was determined in
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three independent experiments.
The inhibition ratio of tyrosinase was calculated according to the
result from following formula:

Inhibition (%) = [ (Asample _Ablank)/Acontrol] X100%

Agample denotes the OD,75 absorbance of test compound and Apjany is the
OD,475 absorbance for the blank. Aol represents the ODy4,s absor-
bance of control.

4.2.2. Cytotoxicity

Normal liver cell L02 and B16 melanoma cell line obtained from
Xi'an jiaotong University, China, were cultured at 37 °C under a 5% CO,
atmosphere and was used to determine the cytotoxicity of compounds
21, 22 and 26. The L0O2 cells (10000 cells/well) and B16 cells
(50000 cells/well) were seeded in Dulbecco’s modified Eagle’s medium
(DMEM) containing 100IU/mL penicillin, and 100 pg/mL strepto-
mycin, supplemented with 10% FBS (GIBCO, Invitrogen Corporation,
Grand Island, NY, USA), under 5% CO, humidified atmosphere at 37 °C.
The cell viability assay was evaluated by the conversion of Cell
Counting Kit-8 (CCK-8) to a purple formazan precipitate as previously
described. After 24 h, the various concentrations of compounds were
subsequently added and incubated for 24 h. The survival rate was cal-
culated from plotted results using cells untreated by test compounds as
reference [3,34,35].

CellViabﬂity(%) = [(Asample —Apjank)/ (Acontrol _Ablank)]xu)o

Agample denotes the ODyso absorbance of test compound and Agjank is
the ODyso absorbance for the blank. A onio Tepresents the ODysq ab-
sorbance of control.

4.2.3. Determination of cellular tyrosinase activity

To determine the cellular tyrosinase activity, the B16 melanoma
cells were placed in a 24-well plate and was evaluated by quantifying
the -DOPA oxidation rate with slight modification [9,36]. Control
group containing 1 X 10° cells per well, and treated group with
1 x 10°cells containing 1 uM a-MSH and various concentrations of
compounds 21, 22 and 26 (25, 50, 100, and 200 uM) or arbutin (1 mM)
for 48 h. The medium was removed and then 1% Triton X-100 mixed in
10 mM phosphate buffered saline was added. The mixture was frozen at
—80 °C and thawed at room temperature. A freshly prepared substrate
(2 mM 1-DOPA) was then added to the supernatant and incubated. The
absorbance of each well was subsequently read at 475 nm.

TerSinaseaCﬁVity(%) = [(Asample _Ablank)/(Acontrol _Ablank) ] X100

Agample denotes the OD .75 absorbance of test compound and Apjani is
the OD4s absorbance for the blank. A oniro1 represents the ODyys ab-
sorbance of control.

4.2.4. Measurement of melanin content

Melanin content assay was performed to evaluate the inhibitory
effect of compounds 21, 22 and 26 (25, 50, 100, and 200 uM) on
melanogenesis using the standard method with slight modification
[8,9]. Briefly, the B16 melanoma cells were placed in a 24-well plate at
a density of 1 x 10° cells per well. The treated group had a medium
containing 2 pM a-MSH and various concentrations of compounds 21,
22 and 26 (25, 50, 100, and 200 uM) or arbutin (1 mM) for 48 h. The
medium was removed, 1 N NaOH was added and boiled for 1 h at 80 °C.
Melanin content were calculated by the OD at 405 nm.

Melanincontent(%) = [(Asample _Ablank)/(Acomrol _Ablank)]xu)o
Agample denotes the OD4o5 absorbance of test compound and Agjank is

the OD4os5 absorbance for the blank. A onior Tepresents the ODyos ab-
sorbance of control.

4.2.5. Kinetic analysis
The inhibition kinetics of compounds 21, 22 and 26 on the
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tyrosinase were investigated using Lineweaver-Burk plots at the wa-
velength in 475nm [3]. The reaction mixture was consisted of eight
different concentrations of 1-DOPA (0.6-5mM) as substrate and
mushroom tyrosinase in phosphate buffer (20 mM, pH 6.8). Test sam-
ples at various concentrations (0-1uM) were added to the reaction
mixture. The measurement was performed at 475 nm.

4.2.6. UV-visible spectra measurements

Several tyrosinase inhibitors that chelate the copper ions in the
active site of the enzyme exhibited favorable inhibitory effect; existing
literatures reported examples including kojic acid [37], 4-ethox-
ycinnamic acid [24] and tropolone [37]. To investigate whether the
most promising compound 22 displayed its inhibitory effect by che-
lating the copper ions at the active site of tyrosinase, copper sulphate
(CuS0,4) was added to the assay medium. The absorption spectra were
taken (220 nm to 400 nm, 25 °C) of a 3.00 mL mixture containing 40 uM
compound 22 and various concentrations of CuSO, after preincubating
for 1 min. Scans of a 3 mL mixture consisting of compound 22 and
tyrosinase were also taken after incubation at 25°C for 3min in the
ultraviolet spectrophotometer (MAPAPA UV6100S, China). Differential
spectra were obtained by subtracting the spectra from the corre-
sponding spectrum of the mixture.

4.2.7. Browning inhibition of compounds 21, 22 and 26 on fresh-cut apple
slices

The anti-browning activity of compounds 21, 22 and 26 was eval-
uated with a help of fresh-cut apple slice model [26]. ‘Fuji’ apples
(planted in Luochuan, Shanxi province, China) were picked up from the
same batch with similar size and maturity without injuries, diseases or
pests. The selected apples were washed with distilled water and cut into
pieces (8 mm X 8 mm X 8 mm). The fresh-cut apple slices were treated
by dipping in 100 mL test solution for 3min and drained. Control
samples were dipped in distilled water. Samples were then placed in
individual polypropylene film bags (6 samples in each bag; 3 bags for
each group), and stored at 4°C for up to 48h. Replicate samples
(n = 18) were prepared for each treatment and the experiment was
repeated three times. Test solutions used for the above samples in-
cluding water, aqueous solutions of 0.5% Vc, 2mM 4-hydroxybenzyl
alcohol, 2mM vanillyl alcohol, 2mM cinnamic acid, 2mM the test
compounds, 2mM compound 21 + 0.5% Vc, 2mM compound
22 + 0.5% Vc, 2mM compound 26 + 0.5% Vc. The relative extents of
browning were assessed after measuring by the Commission Inter-
nationale de L’Eclairage (CIE) L a b = color system (1976), using a
WSC-S Color meter (Shanghai Precision Scientific Instrument Co., Ltd.,
Shanghai, China). L xvalues represent the degree of darkness and
lightness. The relative extents of browning were measured with a tris-
timulus reflectance colorimeter. The determinations were possessed
following each treatment and at timed intervals of 6, 12, 24, 36, and
48 h thereafter.

4.2.8. Statistical analysis

All experiments were performed in triplicate. An analysis of var-
iance (ANOVA) of the data was performed using the GraphPad Prism 7
system. Data in the tables and figures were given as mean *= SD and
analyzed by one-way ANOVA. Significant differences between the
treatments were examined by Tukey’s multiple range tests.

4.2.9. Molecular modeling

The 3D crystal structure of mushroom tyrosinase (Agaricus bisporus)
(PDB code: 2Y9X) was obtained from the Protein Data Bank (PDB).
Docking experiment was possessed on tropolone, kojic acid, active
compounds 21, 22 and 26 against mushroom tyrosinase 2Y9X [38-40].
The ligand-protein interactions generated through the Flexible docking
module of Discovery Studio 2019. To perform the docking experiment,
input site sphere dimension values were adjusted asX = —8.87,
Y = —30.74 and Z = —41.52, respectively, and the binding pocket was
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set according to the coordinates of original ligands with the radius of
15 A. The active site AC3 (ASN 260, HIS 263, PHE 264, MET 280, VAL
283 and ALA 286) of 2Y9X, an important active site which interacts
with the original ligand tropolone, was set to be the rotatable residues
to acquire dovetail conformation. The docked complex was further
assessed on CDOCKER interaction energy (Kcal/mol) value to evaluate
the degree of energy matching, hydrogen and hydrophobic bond in-
teraction pattern analysis using Discovery Studio 2019 software.
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