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a b s t r a c t

Tyrosinase inhibition may be a means to alleviate not only skin hyperpigmentation but also neurodegen-
eration associated with Parkinson’s disease. In the course of metabolite analysis from tyrosinase inhibi-
tory methanol extract (80% inhibition at 20 lg/ml) of Campylotropis hirtella, we isolated fourteen phenolic
compounds, among which neorauflavane 3 emerged as a lead structure for tyrosinase inhibition.
Neorauflavane 3 inhibited tyrosinase monophenolase activity with an IC50 of 30 nM. Thus this compound
is 400-fold more active than kojic acid. It also inhibited diphenolase (IC50 = 500 nM), significantly.
Another potent inhibitor 1 (IC50 = 2.9 lM) was found to be the most abundant metabolite in C. hirtella.
In kinetic studies, compounds 3 showed competitive inhibitory behavior against both monophenolase
and diphenolase. It manifested simple reversible slow-binding inhibition against monophenolase with
the following kinetic parameters: Ki

app = 1.48 nM, k3 = 0.0033 nM�1 min�1 and k4 = 0.0049 min�1.
Neorauflavane 3 efficiently reduced melanin content in B16 melanoma cells with 12.95 lM of IC50. To
develop a pharmacophore model, we explored the binding mode of neuroflavane 3 in the active site of
tyrosinase. Docking results show that resorcinol motif of B-ring and methoxy group in A-ring play crucial
roles in the binding the enzyme.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction active site, obstruct the substrate–enzyme interaction or prevent
Tyrosinase (EC 1.14.18.1) catalyzes two distinct reactions both
of which are essential for biosynthesis of melanin. This process
proceeds via conversion of tyrosine to 3,4-dihydroxy phenylala-
nine (DOPA), a process termed tyrosinase monophenolase activity.
The next step is the oxidation of DOPA into DOPA quinone, a pro-
cess called diphenolase activity. The reactive ortho quinone, DOPA
quinone, spontaneously polymerizes to high molecular weight
melanin nonenzymatically.1,2 Tyrosinase contains two copper ions
that coordinate histidine residues in the active site. The two copper
ions are critical for both catalytic activities of tyrosinase. Tyrosi-
nase inhibitors usually chelate the copper ion within the tyrosinase
oxidation via an electrochemical process.3,4 Tyrosinase is involved
in numerous cellular processes in a vast number of different spe-
cies including insect molting and the browning of damaged fruit.5

In humans melanin is mainly used to protect skin from UV radia-
tion, but overproduction of melanin results in skin hyperpigmenta-
tion, characterized by age spots, melasma and chloasma.
Tyrosinase is also known to oxidize dopamine to form melanin in
the brain. Thus tyrosinase is also implicated in the pathogenesis
of Parkinson’s disease and related neurodegenerative disorders.6

Accordingly, control of melanin formation is directly linked to
human disease prevention and fruit preservation.

It has been observed that hydroxylated flavonoids are a class of
compounds that display potent tyrosinase inhibition because they
share structural similarities with L-tyrosine and they are very good
donor ligands. In the course of searching for new tyrosinase inhibi-
tors, we found out that the extracts of Campylotropis hirtella
showed significant tyrosinase inhibition. C. hirtella has been culti-
vated as food ingredient in subtropical parts of China such as the
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Yunnan, Sichuan and Guizhou province. Its roots are used as a tra-
ditional Chinese medicine to treat diseases such as irregular men-
struation, dysmenorrhea, metrorrhagia and gastric ulcers.7,8 Its
main bioactive constituents are tannin, triterpene, flavonoids, cou-
marins, lignan, and C-glycosylflavones, many of which have been
proven to have immunosuppressive activities and inhibit prostate
specific antigen.9,10 Although it is an edible, polyphenol rich plant,
its biological functions have not been investigated intensively.
There is no report about tyrosinase inhibitors being derived from
C. hirtella. The aim of this study was to investigate phenolic
metabolites of C. hirtella to identify a new lead structure that can
elicit tyrosinase inhibition and thus suppress melanogenesis in
B16 melanoma cells. In the course of the work we successfully
identified several potent inhibitors and the inhibition kinetics of
the most active compounds were fully characterized. Furthermore,
we explored the binding mode of most active compounds (1 and 3)
at active site of enzyme. These compounds also showed anti-
melanogenesis efficacy in a cell culture model.

2. Results and discussion

Polyphenol compounds have been attractive targets for tyrosi-
nase inhibitors because of their structural similarity with tyrosine
and antioxidant properties.11–13 Many of these efforts have focused
on finding a lead structure from abundant polyphenols in plants. In
the course of a screening program geared at finding a lead structure
for tyrosinase inhibition, the methanolic extract of root barks of C.
hirtella (80% inhibition at 20 lg/ml) showed a potent inhibition
against mushroom tyrosinase. Fourteen phenolic compounds were
purified from the most potent extract (methanol) and their
structures were identified by their spectroscopic data including
2D-NMR results in conjunction with previously reported data
(Supplementary material).9,14,15 Among of them, four isoflavonoids
(1–4) showed potent inhibition of tyrosinase. These compounds
were elucidated to be 30-geranyl-5,7,20,40-tetrahydroxyisoflavanone
(1), 30-geranyl-5,7,20,50-tetrahy-droxyisoflavone (2), neorauflavane
(3), (E)-3-(3-(3,7-dimethylocta-2,6-dienyl)-2,4-dihydroxyphenyl)-
3,5,7-trihydroxy-chroman-4-one (4), as shown in Figure 1. The
most active compound was found to be neorauflavane (3). This
compound is 400-fold more active than kojic acid, a commonly
used positive control for tyrosinase inhibition, against the
monophenolase activity of tyrosinase (see Fig. 2).

Compound 3was first reported in 1974, but no detailed spectro-
scopic data have yet been reported and there have been no reports
about its biological function so far.14 Thus we briefly describe
structural elucidation of 3. Compound 3 had the molecular formula
C21H22O5 and 4 degrees of unsaturation, as deduced from HREIMS
(m/z 354.1467 [M+]). 13CNMR data including DEPT experiments
showed the presence of twenty one carbon atoms: two methylenes
(sp2), seven methines (sp), three methyls (sp3), and nine quater-
nary carbons. The extra 4 degrees of unsaturation after counting
CAC double bonds were ascribed to tetracyclic skeleton. The
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Figure 1. Structures of tyrosinase inhibitory compounds (1–4) from C. hirtella.
presence of a resorcinol group was confirmed by ABX coupling
between H-30, H-50, and H-60. Isoflavan motif was deduced from
proton coupling networks across H-2 (dH 3.98, 4.26), H-3 (dH
3.40) and H-4 (dH 2.78, 2.96) in the COSY spectrum. The location
of C5-OCH3 was proved by HMBC correlation of OCH3 (dH 3.72)
with C-5 (dC 154.11), and C-5 with H-400 (dH 6.51). The CD spectrum
showed a positive cotton effect at 281 nm and a negative cotton
effect at 241 nm, suggesting a R-configuration at C-3.16

Compounds 1–4 showed a dose dependent inhibitory effect on
tyrosinase. Figure 2 shows that neorauflavane 3 inhibited enzyme
much more significantly than the other inhibitors (1, 2 and 4) and
kojic acid. In fact, compound 3 was 400-fold more active than kojic
acid (IC50 = 13.2 lM) against monophenolase. Polyphenols consti-
tute the largest group of tyrosinase inhibitors found so far. It is
known that inhibitory activities depend on the chemical skeleton,
position of hydroxyl groups, and additional substituents.17

Remarkably, despite the rich literature surrounding polyphenol
tyrosinase inhibitors, compound 3 is actually the most potent
member of this class.17 The two most potent compounds (1 and
3) could perform a dual role, inhibiting both monophenolase and
diphenolase. For example, neorauflavane 3 inhibited monopheno-
lase (IC50 = 30 nM) and diphenolase (IC50 = 500 nM), respectively.
The geranylated isoflavanone 1 also inhibited monophenolase
and diphenolase with IC50 values 2.9 and 128.2 lM, respectively.
However, isoflavone 2 was found to be much less effective on
monophenolase (IC50 = 92 lM) and diphenolase (IC50 > 200 lM)
than its corresponding isoflavanone 3. Another isoflavanone 4
bearing hydroxyl group on C-3 position inhibited tyrosinase effi-
ciently with 18.4 lM of IC50.

All inhibitors manifested a similar relationship between
enzyme activity and enzyme concentration. The inhibition of
monophenolase by compound 3, the most potent inhibitor
(Ki = 19 nM), is illustrated in Figure 3, representatively. This was
done by using both Lineweaver–Burk and Dixon plots. As shown
in Figure 3A, the kinetic plot shows that compound 3 is competi-
tive inhibitor. This is because increasing concentration of 3
resulted in a family of lines with a common intercept on the 1/V
axis but with different gradients (Fig. 3A). The Ki value of 3 was
determined to be 19 nM by using a Dixon plot (Table 1). The inhi-
bitory behaviors of the isolated compounds on tyrosinase-cat-
alyzed oxidation of L-DOPA were subsequently investigated.
Compounds 1, 3 and 4were found to also be competitive inhibitors
of diphenolase. As shown in Figure 4, the Lineweaver–Burk plots of
1/V verse 1/[S] resulted in a family of straight lines with the same
y-axis intercept, as illustrated, respectively, for the most potent
inhibitor 3. The Ki value of 3 was estimated by Dixon plots to be
130 nM.

To further investigate the inhibition mechanism, the time
dependence of the inhibition by inhibitor 3 was subsequently
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Figure 2. Inhibitory effects of compounds (1–4) on monophenolase activity of
tyrosinase.
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Figure 3. (A) Lineweaver–Burk plots for the effect of compound 3 on the
monophenolase activity of tyrosinase. (B) Inhibition as a function of preincubation
time (d: 0, s: 5, .: 15, 4: 30, j: 45, h: 60 min) for compound 3 at 35.0 nM. Inset:
d: 0, s: 35.0 nM. (C) Time course of the inactivation of tyrosinase by 3 (d: 0, s:
17.5, .: 35.0, 4: 70.0, j: 140.0 nM). Inset: plot of Kobs as a function of inhibitor 3
concentration.
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Figure 4. (A) Lineweaver–Burk plots for the inhibition of the diphenolase activity of
tyrosinase by compound 3. (B) Dixon plots for the inhibition of the diphenolase
activity of tyrosinase by compound 3.
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probed. The enzyme showed almost no loss in activity over this
time range. Time dependence was investigated by measuring ini-
tial velocities of substrate oxidation as a function of preincubation
time of the enzyme with inhibitor. As a decrease in residual activ-
ity was seen as a function of preincubation time, compound 3
emerged to be a slow-binding inhibitor (Fig. 3B). The time
dependence of the rate of oxidation by tyrosinase was assessed
Table 1
Inhibitory effects of compounds 1–4 on tyrosinase activities

Compds L-Tyrosine

IC50
a (lM) Inhibition type (Ki, l

1 2.9 ± 0.3 Competitive (1.8)
2 92.0 ± 0.2 Competitive (49.7)
3 0.03 ± 0.006 Competitive (0.019)
4 18.4 ± 0.5 Competitive (7.5)
Kojic acidc 13.2 ± 0.8 Not tested

a All compounds were examined in a set of experiments repeated three times; IC50 valu
b Values of inhibition constant.
c Kojic acid is positive control.
by measuring residual activity of the enzyme treated with different
concentrations of 3 (0, 17.5, 35, 70 and 140 nM) over different time
points. The resulting data were fit to (1) and (2) to determine
Kobs:18

½P�t
½E� ¼ mst þ mi � msð Þ

kobs
1� e�kobst
� � ð1Þ

m
m0

¼ e�kobst ð2Þ

where [P]t is the concentration of product formed, [E] is the total
enzyme concentration, mi is the initial velocity, ms is the steady state
velocity, t is time, kobs is the exponential rate constant for equilibra-
tion. Then, we identified which of four possible inhibition modes
(uninhibited, simple reversible show binding, enzyme isomeriza-
tion, and mechanism-based inhibition) that can lead to time depen-
dent inhibition kinetics was at play. A plot of kobs versus inhibitor
showed no deviation from linearity, the mechanism can be modeled
by a simple reversible slow binding model. Given these parameters,
kobs is a function of both the on and off rates of the inhibitor and
thus the parameters k3 (second order on rate), k4 (off rate) and Ki

app

can be fitted to Eqs. 3 and 4.18 We thus established the following
parameters: k3 = 0.0033 nM�1 min�1, k4 = 0.0049 min�1 and Ki-
app = 1.48 nM for compound 3.

Enzþ I ¢
k3

k4
Enz� I

kobs ¼ k4 þ k4½I�
Kappt

i

ð3Þ

K i ¼ k4
k3

ð4Þ
L-DOPA

M)b IC50 (lM) Inhibition type (Ki, lM)

128.2 ± 0.5 Competitive (76.4)
>200 —
0.5 ± 0.03 Competitive (0.13)
144.0 ± 1.2 Competitive (81.4)
26.5 ± 1.6 Not tested

es of compounds represent the concentration that caused 50% enzyme activity loss.



Table 2
Kinetic parameters for time-dependent inhibition of tyrosinase by 1 and 3

Compound Ki
app (nM) k3 (nM�1 min�1) k4 (min�1)

1 151.30 2.51 � 10�5 0.0038
3 1.48 0.0033 0.0049

Figure 5. Effect of compound 3 on melanin content in B16 cells. B16 cells were
treated with various concentrations of compound 3 for 72 h in the presence of a-
MSH. Data are expressed as % of control and each column represents the mean ± SE
of three determinations (n = 3).

Table 3
Effects of compound 1, 3 and kojic acid on cell growth and melanin production of B16
cells

Compounds Melanin synthesis IC50 (lM) Cytotoxicity LD50 (lM)

1 42.3 ± 1.6 240.6 ± 2.9
3 13.0 ± 1.2 104.0 ± 1.8
Kojic acid* >500 >500

B16 cells were grown overnight in 6-well plates. Each indicated sample was added
to the plate for 72 h in the presence of a-MSH.

* Kojic acid was used for positive control.
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The geranylated isoflavanone 1 also showed a competitive charac-
teristic feature and a typical progress curve of simple reversible
show binding mode (Supplementary material), the specific inhibi-
tion constants of 1 were calculated to be k3 = 0.0251 lM�1 min�1,
k4 = 0.0038 min�1 Ki

app = 0.1513 lM (Table 2).
Compounds 1 and 3 were tested for their ability to suppress

pigment formation in melanoma cells. Both compounds elicited
strong depigmentation of B16 cells stimulated to produce melanin
by treatment with a-MSH. In particular, neorauflavane 3 dose-
dependently reduced the melanin content with IC50 = 13.0 lM.
This compound is thus 200 fold more effective than positive con-
trol, Kojic acid (Fig. 5 and Table 3). At these concentrations com-
pounds 1 and 3 were not toxic to these cells.

In order to further understand the binding modes of this inhibi-
tor class, the interaction of the two active compounds 1 and 3 with
mushroom tyrosinase was investigated in silico (Fig. 6). The B ring
of 3 was accommodated in a spacious cavity around the active site
formed by H61, H85, E256, H259, N260, H263, M280, G281, S282,
V283, A286, F292, and two copper ions. The C7-OH in B ring made
contact with the copper ions. It was also observed that the A ring
formed a p–p interaction with H263 and a p–r interaction with
V283. The methoxy motif appended to the A ring interacted with
H244, V248, M257, and N260. One methyl group of the D ring
made hydrophobic contacts with V283. In spite of the structural
similarity between 1 and 3, for compound 1 the B ring was placed
above H85 and its C20-OH group formed a hydrogen bond with
H244. The hydrocarbon tail of 1 was oriented toward the cleft
formed between G86 and R321, and had contacts with G86, T87,
H244, V248, and R321 via hydrophobic interaction. It is likely that
this appendage dictates this ‘flipped’ binding mode. The interaction
energies between the enzyme and two inhibitors, compound 1 and
3, were �50.59 kcal/mol and �53.92 kcal/mol, respectively. It is in
agreement with experimental data.

3. Conclusion

This study validated C. hirtella as a significant source of tyrosi-
nase inhibitors. We isolated two potent inhibitors from this impor-
tant plant. The first candidate, neorauflavane 3 showed not only
very low nanomolar inhibition against tyrosinase but also had
strong depigmentation activity in B16 melanoma cells. The second
candidate, isoflavanone 1was reasonably potent, but has the added
advantage of being the most abundant secondary metabolite in C.
hirtella. Both inhibitors manifested competitive, simple reversible
slow-binding inhibition against tyrosinase. To develop pharma-
cophore model, we explored the binding mode of compounds 1
and 3 at the active site of the enzyme.
4. Materials and methods

4.1. Chemical and instruments

1D and 2D NMR spectra were recorded on a Bruker (AM
500 MHz) spectrometer (Billerica, MA), using acetone-D6, as sol-
vent and tetramethylsilane (TMS) as an internal standard. Elec-
tron ionization (EI) and EI high resolution (HR) mass spectra
were obtained on a JEOL JMS-700 instrument (JEOL, Tokyo,
Japan). Optical rotations were measured on a Perkin-Elmer 343
polarimeter (Perkin-Elmer, Bridgeport, USA). Column chromatog-
raphy was performed using silica gel (230–400 mesh; Merck Co.,
Darmstadt, Germany), YMC-gel ODS-A (S-75 lm; YMC), and
Sephadex LH-20 (GE GE healthcare Bio-Science AB, Uppsala, Swe-
den). Thin-layer chromatography (TLC) was performed on pre-
coated silica gel 60 F254 (0.25 mm; Merck). Spots were detected
by UV light (245 nm) and spraying with 10% H2SO4 followed by
heating. Enzymatic assays were carried out on a SpectraMaxM3
Multi-Mode Microplate Reader (Molecular Devise, USA). All
other chemicals were of analytical grade and used as received.
C. hertella (approximately 1 kg) was purchased from a medicinal
market in China.

4.2. Extraction and isolation

Tyrosinase inhibitors (1–4) were isolated frommethanol extract
of C. hirtella root barks by MPLC over silica gel and reversed phase
silica gel. The air dried root bark (0.5 kg) was extracted with MeOH
(5 L � 3) at room temperature for one week. The combined filtrate
was concentrated to yield a dark red gum (58 g). The MeOH extract
(30 g) was subjected to column chromatography on silica gel
(10 � 40 cm, 230–400 mesh, 750 g) using n-hexane to ethylacetate
gradient (50:1? 1:1) to give 5 fractions (A–E). Fraction C (3.2 g)
was fractionated via MPLC using a C18 column (130 g) with elution
using a gradient of increasing MeOH (0–100%) in H2O and 20 ml/
min flow rate to afford 30 subfractions (B1–B30). Subfractions
B11–B15 (520 mg) enriched with compounds 3 and 4 were further
chromatographed over MPLC using a gradient of MeOH (0–100%)
in H2O to afford compounds 3 (28 mg) and 4 (17 mg). Subfractions
B17–B21 (920 mg), enriched with compounds 1 and 2 were
further chromatographed over a Sephadex LH-20 column using
MeOH–H2O (90:10) to afford compounds 1 (96 mg) and 2
(12 mg). The remaining twelve compounds were also isolated
and evaluated on tyrosinase inhibition (Supplementary material).



Figure 6. Molecular docking of compounds 1 and 3 to mushroom tyrosinase. Binding conformations of (A) compound 1 and (B) compound 3 to the active site. Compounds 1
and 3, and copper ions are colored in green, cyan, and brown, respectively. Key residues interacting with the inhibitor are shown as white and pink (copper ion binding
residues). Hydrogen bond is denoted by green dashed line. p–p and p–r interaction are represented as yellow and orange dashed lines, respectively. Geometry of the active
site as surface representation with (C) compound 1 and (D) compound 3. 2D diagrams of molecular interactions for (E) compound 1 and (F) compound 3. Gray, green, dark
pink, and light pink dashed lines represent metal, hydrogen bond, p–p, and p–r interactions, respectively.
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Compound 1: pale yellow oil; HREIMS [M]+ 424.1885 (calcd for
C25H28O6 424.1886); 1H NMR (500 MHz, CDCl3) d 1.51 (3H, s, H-900),
1.58 (3H, s, H-1000), 1.73 (3H, s, H-400), 1.99 (2H, m, H-500), 2.11 (2H,
m, H-600), 3.39 (2H, d, J = 6.59 Hz, H-100), 3.92 (1H, t, J = 8.32,
4.16 Hz, H-3), 4.60 (2H, dd, J = 11.67, 4.39 Hz, H-2), 4.73 (2H, dd,
J = 11.72, 4.47 Hz, H-2), 4.97 (1H, br s, H-700), 5.17 (1H, t,
J = 12.71, 6.29 Hz, H-200), 5.86 (1H, br s, H-6), 5.86 (1H, br s, H-8),
6.33 (1H, d, J = 8.08 Hz, H-50), 7.08 (1H, d, J = 8.27 Hz, H-60). 13C
NMR (125 MHz, CDCl3) d 197.56 (C-4), 165.86 (C-7), 165.51 (C-5),
163.59 (C-8a), 155.76 (C-40), 154.42 (C-20), 139.61 (C-300), 132.41
(C-800), 125.95 (C-60), 124.15 (C-700), 121.79 (C-200), 115.99 (C-30),
115.43 (C-10), 109.07 (C-50), 102.32 (C-4a), 97.32 (C-6), 95.80
(C-8), 70.17 (C-2), 45.67 (C-3), 40.09 (C-500), 26.78 (C-100), 26.03
(C-900), 23.18 (C-600), 18.07 (C-1000), 16.60 (C-400).

Compound 2: pale yellow oil; HREIMS [M]+ 422.1729 (calcd for
C25H26O6 422.1729); 1H NMR (500 MHz, acetone-D6) d 1.56 (3H, s,
H-900), 1.62 (3H, s, H-1000), 1.79 (3H, s, H-400), 2.06 (2H, m, H-500),
2.09 (2H, m, H-600), 3.46 (2H, d, J = 7.07 Hz, H-100), 5.09 (1H, t,
J = 14.00, 6.98 Hz, H-700), 5.34 (1H, t, J = 14.16, 7.16 Hz, H-200), 6.27
(1H, br s, H-6), 6.34 (1H, br s, H-8), 6.51 (1H, d, J = 8.31 Hz, H-50),
6.94 (1H, d, J = 8.31 Hz, H-60), 8.18 (1H, s, H-2). 13C NMR
(125 MHz, acetone-D6) d 183.31 (C-4), 165.95 (C-7), 163.99 (C-5),
163.72 (C-8a), 159.57 (C-20), 158.24 (C-40), 157.26 (C-2), 135.16
(C-300), 131.97 (C-800), 129.47 (C-60), 125.64 (C-700), 124.50 (C-3),
123.86 (C-200), 111.76 (C-30), 108.91 (C-10), 106.20 (C-50), 100.67
(C-4a), 96.98 (C-6), 95.05 (C-8), 41.05 (C-500), 27.90(C-100), 26.21
(C-600), 23.78 (C-900), 18.11 (C-1000), 16.71 (C-400).

Compound 3: colorless powder; HREIMS [M]+ 354.1467 (calcd
for C21H22O5 354.1467); [a]D = +3.8 (c 0.55, in CHCl3); 1H NMR
(500 MHz, CDCl3) d 1.39 (3H, s, H-800), 1.40 (3H, s, H-700), 2.78
(2H, dd, J = 15.95, 10.60 Hz, H-4), 2.96 (2H, dd, J = 16.00, 3.90 Hz,
H-4), 3.40 (1H, br s, H-3), 3.72 (3H, s, OCH3), 3.98 (2H, t,
J = 20.10, 10.05 Hz, H-2), 4.26 (1H, d, J = 9.85 Hz, H-2), 5.51 (1H, d,
J = 9.90, H-500), 6.18 (1H, s, H-8), 6.26 (1H, br s, H-30), 6.31 (1H, d,
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J = 7.70 Hz, H-50), 6.51 (1H, d, J = 9.85 Hz, H-400), 6.87 (1H, d,
J = 8.25 Hz, H-60). 13C NMR (125 MHz, CDCl3) d 155.32 (C-40),
155.28 (C-8a), 154.78 (C-20), 154.11 (C-5), 152.64 (C-7), 128.26
(C-8), 128.15 (C-500), 119.87 (C-4a), 116.95 (C-50), 110.21 (C-10),
108.32 (C-6), 107.74 (C-400), 103.22 (C-60), 100.76 (C-30), 76.14
(C-600), 69.83 (C-2), 61.44 (OCH3), 31.23 (C-3), 27.77 (C-700), 27.60
(C-800), 25.33 (C-4).

Compound 4: pale yellow oil; HREIMS [M]+ 440.1838 (calcd for
C25H28O7 440.1835); 1H NMR (500 MHz, CDCl3) d 1.60 (3H, s, H-900),
1.67 (3H, s, H-1000), 1.81 (3H, s, H-400), 2.07 (2H, m, H-500), 2.10 (2H,
m, H-600), 3.45 (2H, d, J = 5.78 Hz, H-100), 4.35 (2H, d, J = 10.31 Hz,
H-2), 4.76 (2H, d, J = 11.24 Hz, H-2), 5.06 (1H, t, J = 11.76, 5.19 Hz,
H-700), 5.26 (1H, t, J = 13.06, 6.59 Hz, H-200), 5.91 (1H, br s, H-6),
6.01 (1H, br s, H-8), 6.28 (1H, d, J = 8.13 Hz, H-50), 6.74 (1H, d,
J = 8.44 Hz, H-60). 13C NMR (125 MHz, CDCl3) d 195.40 (C-4),
166.61 (C-7), 164.78 (C-5), 163.57 (C-8a), 156.88 (C-20), 154.99
(C-40), 139.35 (C-300), 132.39 (C-800), 125.23 (C-60), 124.23 (C-700),
121.75 (C-200), 116.62 (C-30), 115.57 (C-10), 108.29 (C-50), 102.22
(C-4a), 97.74 (C-6), 96.45 (C-8), 74.66 (C-3), 73.40 (C-2), 40.10
(C-500), 26.82 (C-100), 26.05 (C-600), 22.76 (C-1000), 18.09 (C-900),
16.61 (C-400).

4.3. Tyrosinase assays

Mushroom tyrosinase (EC 1.14.18.1) (Sigma Chemical Co.) was
assayed as described previously with slight modifications,19 using
either L-tyrosine (monophenolase) or L-DOPA (diphenolase) as sub-
strate. In spectrophotometric experiments, enzyme activity [initial
velocity (mi)] was monitored by observing dopachrome formation
at 475 nm. All test samples were first dissolved in DMSO at
10 mM and diluted to the required concentration. First, 20 lL of
1.8 mM L-tyrosine or 3.6 mM L-DOPA aqueous solution was mixed
with 165 lL of 0.05 M phosphate buffer (pH 6.8) and 5 lL of the
test sample in 96-well microplates. After the mixture was pre-
incubated at 30 �C for 10 min, 10 lL of tyrosinase solution
(260 units/ml) was added to the phosphate buffer and incubated
for additional 15 min. DMSO without test compounds was used
as the control, and kojic acid was used as a positive control. Each
assay was conducted as three separate replicates. The inhibitory
effects of the tested compounds were expressed as the concentra-
tions that inhibited 50% of the enzyme activity (IC50). The percent
inhibition ratio (percent) was calculated according to the following
equation:20

Activityð%Þ ¼ 100½1=ð1þ ð½I�=IC50ÞÞ� ð5Þ
Kinetic parameters were determined using the Lineweaver–Burk
double-reciprocal-plot and Dixon plot methods at increasing con-
centration of substrates and inhibitors.

4.4. Time-dependent assays and progress curves

Time-dependent assays and progress curves were carried out
using 260 units of tyrosinase, and L-tyrosine and L-DOPA were used
as a substrates (respectively, from monophenolase and dipheno-
lase assays) in 0.25 M phosphate buffer (pH 6.8) at 30 �C. Enzyme
activities were measured continuously for 10 min on a UV spec-
trophotometer. To determine the kinetic parameters associated
with time dependent inhibition of tyrosinase, progress curves with
20 data points (30 s intervals) were obtained at several inhibitor
concentrations using fixed substrate concentrations. The data were
analyzed using a nonlinear regression program [Sigma Plot (SPCC
Inc., Chicago, IL)] to give the individual parameters for each curve;
mi (initial velocity), ms (steady-state velocity), Kobs (apparent first-
order rate constant for the transition from mi to ms), A (absorbance
at 475 nm), and Ki

app (apparent Ki) according to the following
equations):21
m=m0 ¼ expð�kobstÞ ð6Þ
kobs ¼ k4ð1þ ½I�=Kapp

i Þ ð7Þ
A ¼ mst þ ðv i � vsÞ 1� expð�kobstÞ½ �=kobs ð8Þ
A plot of the natural log of the residual enzyme activity versus
preincubation time gave a straight line with a slope of �kobs. The
values of k3, k4, and Ki

app were calculated from the plot of the kobs
versus concentration of inhibitors according to the method of
Morrison and Walsh.

4.5. Molecular docking calculation

Molecular docking calculations of the competitive inhibitors,
compound 1 and 3, to mushroom tyrosinase structure (PDB ID:
2Y9X)22 were performed by GOLD Suite 5.2.2 (the Cambridge Crys-
tallographic Data Center, UK).23 The 3D structures of the inhibitors
were prepared and optimized by energy minimization using Dis-
covery Studio (DS) 4.5. All atoms within 15 Å from the center of
mass of tropolone in complex with the crystal structure were
defined as a docking pocket. The number of docking runs was set
to 100 for each inhibitor. All other parameters were set as default.
The best conformation with the highest GOLD fitness score was
selected to explore the binding modes of the inhibitors to the
enzyme. Energy minimization with CFF force field was then
conducted in two steps to remove energetically unfavorable con-
tacts using DS. The first step was carried out by steepest descent
algorithm with RMS gradient of 0.1 kcal/(mol�Å) followed by con-
jugate gradient algorithm with 0.0001 kcal/(mol�Å). The interac-
tion energies between the enzyme and two inhibitors were then
calculated using Calculate Interaction Energy protocol implemented
in DS.

4.6. Cell culture

The B16 mouse melanoma cell line was purchased from Amer-
ican Type of Culture Collection (Manassas, VA, USA). The cells were
cultured in DMEM supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin (Sigma–Aldrich, St. Louis, USA) at 37 �C in
a 5% CO2 humidified incubator.

4.7. Measurement of melanin content

B16 cells were seeded in 6-well plate at a density of
5 � 104 cells per well and incubated overnight. The cells were
treated with a-MSH (1 lM) in the presence or absence of various
concentrations of compounds for 72 h. The cells were harvested
and dissolved in 1 N NaOH containing 10% DMSO at 65 �C for
24 h. The melanin content was measured at 415 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA).24,25

4.8. Cell viability assay

B16 cells were seeded in 96-well plate and incubated overnight.
The cells were then incubated with various concentrations of com-
pounds for 72 h. After incubation, 5 lg/ml of MTT (Amresco, Solon,
OH, USA) was then added and the cells were incubated for 3 h. The
culture medium was removed and replaced with DMSO for 20 min
at room temperature. Absorbance was determined at 595 nm.
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