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Inhibitory mechanism of red globe amaranth on tyrosinase
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Synopsis

Tyrosinase inhibitors from natural plants are currently attracting great interest. In this study, vanillic acid
(VA) from red globe amaranth flower was identified as an effective tyrosinase inhibitor. The 50% inhibitory
concentration values of VA were 0.53 and 0.63 mg/ml for the monophenolase and diphenolase activities of
tyrosinase, respectively. VA did not function as a simple copper chelator, and it did not induce detectable
changes in the enzyme conformation. An investigation into the interaction between VA and tyrosinase by
docking method revealed that VA was bound to residues at the entrance to the dicopper center. This suggests
that VA could strongly inhibit tyrosinase activity by hampering the binding of substrates to tyrosinase.
Because of the stability of the complex, VA hindered binding of monophenol substrates better than that of
diphenol substrates, which resulted in different inhibitory efficacies. A study of the mechanism of tyrosinase
inhibition provided new evidence to elucidate the molecular mechanism of depigmentation by red globe
amaranth plant.

INTRODUCTION

Melanin plays an important role in skin pigmentation, and it is synthesized from tyro-
sine by tyrosinase (EC 1.14.18.1). Melanin is widely distributed in nature; it is found
in many organisms, including microorganisms, plants and animals; and catalyzes two
key reactions in the melanin biosynthesis pathway: the hydroxylation of monophenol
to o-diphenol (monophenolase activity) followed by the oxidation of o-diphenol to the
corresponding o-quinone (diphenolase activity), which can polymerize spontaneously
to form melanins (1-3). It is well documented that tyrosinase is an essential enzyme,
and it is thought to be the rate-limiting enzyme in melanin synthesis. (4).

Although the production of melanin in human skin is a major defense mechanism against
solar irradiation, the abnormal production of the pigment can lead to melasma, freckles,
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age spots, liver spots, and other types of melanin hyperpigmentation disorders, and it can
cause serious aesthetic problems and even diseases such as melanoma (5). In the food in-
dustry, tyrosinase activity may generate undesirable browning, which causes deleterious
changes such as an unattractive appearance and reduced nutritional quality of the food
product (1,6,7). In light of these cosmetic, agricultural, and medicinal problems (8), in-
hibitors of tyrosinase have attracted great interest as treatments for disorders that are as-
sociated with the overproduction of melanin (9). Recently, increased attention has been
paid to tyrosinase inhibitors derived from natural plants, which are rich in bioactive
chemicals and mostly free of side effects; some of them, such as arbutin (a glycosylated
hydroquinone found in certain plants), are already used in the cosmetic industry for skin
whitening (10,11).

The red globe amaranth, a cultivar of Gomphrena globosa, is a medicinal plant in the
Amaranthaceae family. Its flower can be made into a highly valued scented tea. It was used
to pay tribute in ancient China because of its ability to whiten skin, especially in the treat-
ment of melasma, freckles, age spots, liver spots, and other forms of melanin hyperpig-
mentation. Some constitutes, such as betacyanins, flavonoids, and flavonols, have already
been isolated from some species of Gomphrena (12,13). However, the constituents of red
globe amaranth plant that are responsible for whitening and the molecular mechanism of
this effect are still unclear. In this study, we identified for the first time that vanillic acid
(VA) is one of the primary skin-whitening constituents of red globe amaranth. The in-
hibitory effect of VA on tyrosinase was investigated by examining enzyme kinetics, group
mutations, and ability of inhibiting melanogenesis by melanocyte (14—16). However,
until now, the role of the interaction between VA and tyrosinase in the inhibition of ty-
rosinase remains unknown.

To better understand the inhibition of tyrosinase, we analyzed the spectra and simulated
the molecular interaction of VA and tyrosinase. Our study provides new evidence to help
elucidate the molecular mechanism of depigmentation by red globe amaranth and helps
to facilitate the proper application of this valuable plant.

MATERIALS AND METHODS
MATERIALS

The red globe amaranth originated from Yunnan province in China and was purchased
from a local Qingping herbal medicine market. L-tyrosine, 1-dopa, and mushroom ty-
rosinase (EC 1.14.18.1) were purchased from Sigma-Aldrich (St. Louis, MO). All other
chemicals were of analytical grade and manufactured in China.

TYROSINASE ACTIVITY ASSAY

This assay was performed using previously described methods (11) with slight modifica-
tions. The samples were dissolved in dimethyl sulfoxide and prepared in uniform concen-
trations for each batch; L-tyrosine and 1-dopa served as the monophenol and diphenol
substrates, respectively. First, the samples were tested at only a single concentration for
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their inhibitory effect on the monophenolase activated forms of tyrosinase 7z vitro. Next,
the best sample was selected for a dose—response study for the monophenolase and diphe-
nolase activities of tyrosinase. In a 96-well plate, 70 pl of each dilution of the extract was
mixed with 30 pl tyrosinase solution (333 units/ml in phosphate buffer) in triplicate.
After incubation at 25°C for 5 min, 110 pl of the substrate (1.0 mM L-tyrosine or 2.0 mM
L-dopa) was added to each well. The samples were incubated for 30 min at 25°C. The
optical densities of the samples were then determined at 492 nm using a Sunrise plate
reader (TECAN, Minnedorf, Switzerland). The concentrations of the inhibitor at which
half of the original tyrosinase activity was inhibited (50% inhibitory concentration, ICs)
were determined for crude extract and purified inhibitors. Arbutin was selected as a pos-
itive control. All concentrations of the inhibitors mentioned in the study were the final
concentrations. The inhibition of tyrosinase activity was calculated as follows:

% Inhibition = {#} % 100

A is the absorbance at 492 nm without the test sample, B the absorbance at 492 nm with
the test sample, and C the absorbance at 492 nm without tyrosinase.

EXTRACTION OF CRUDE EXTRACT AND PRELIMINARY SEPARATION EXPERIMENT

Dried flowers of red globe amaranth (3 kg) were extracted three times by reflux extraction
with a fivefold, 50% (v/v) aqueous alcohol solution; each incubation was performed for
2 h. After filcration through 0.45 pm filter paper, the filtrates were mixed and concen-
trated using a rotary evaporator (Yarong Inc., Shanghai, China) at 50°C. The concen-
trated extract was dispersed with distilled water until its density was approximately
1.0-1.1 g/em’. Then, the suspended liquid was successively extracted at room tempera-
ture four times each by petroleum ether, ethyl acetate, and butanol (1 liter of each solvent,
24 h), and the organic phases were concentrated to produce the extracts, which were
termed PE, EA, and BA, respectively. We performed a preliminary experiment for the
extracts by crudely separating them using silica gel chromatography. For PE and EA, a
petroleum ether—acetic ether mixture was used as the eluent, whereas chloroform—methanol
(CHCl3-MeOH) was used as the eluent for BA. The inhibitory effect of the crude sepa-
rated fractions at 1 mg/ml on tyrosinase activity is listed in Table I; EA was selected for
further purification studies.

Table I
Tyrosinase Inhibition by Fractions from PE, EA, and BA

Tyrosinase inhibition rate (%)

Fraction 1 2 3 4 S 6 7 8 9 10
PE — — — 16.58 16.38 17.93 10.35 8.70  30.06 —
EA — — 30.74 44.01 72.55 92.72 33.79 53.32 33.79 41.68
BA 16.34 17.96 —24.68 —4.94 -1.53 —=5.63 —2.08 -9.54 12.42 40.99
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PURIFICATION OF THE TYROSINASE INHIBITOR

The purification was based on the tyrosinase activity-guided method. The EA was sepa-
rated by column chromatography over silica gel with mixtures of petroleum ether—acetic
ether of increasing polarity (9:1-4:6), and 14 fractions (A—N) were collected. Fractions
A-F were discarded because they were insoluble in our enzyme activity assay, and the
remaining 8 fractions were separated over a Sephadex LH-20 (GE Inc., New York, NY)
column with CHCl3—-MeOH (1:1). The compounds with a high level of tyrosinase in-
hibition were further refined by C18 (GE Inc.) column chromatography and eluted
with methanol aqueous solutions (20%, 40%, 60%, 80%, and 100%, successively)
(v/v) to prepare a white powder (approximately 30 mg), which was washed with the 40%
methanol eluent. The final yield of the white powder is approximately 0.01%. The overall
flow chart of the isolation and purification process is shown in Figure 1.

STRUCTURE DETERMINATION

The structure of the obtained compound was determined using AVANCE Digital 400 MHz
NMR Spectrometer (Bruker Inc., Karlsruhe, Germany). The detailed structural information
is as follows: 'H-NMR (CDCl;,8, ppm.) 7.56 (1H, d, ] = 4 Hz), 7.54 (1H, d, ] = 4 Hz),
6.83 (1H, t, ] =8 Hz), 3.90 (3H, s); "C-NMR (CDCl3, 8, ppm.) 170.21(s), 152.85(s),
148.85(s), 125.48(d), 123.29(s), 116.04(d), 114.08(d), and 56.63(q). Previous reports (17,18)
have identified this compound as VA.

Dried red globe amaranth

Extraction

A

Crude extract of globe amaranth

Activity guided Isolation

PE EA BA
Activity guided Isolation

ABCDEFGHIJKLMNOPAQ |
Activity guided Isolation

I1 12 I3 14 K1 K2 K3 K4 K5 K6

Purification

The effective constitute(s)

Figure 1. Flow chart of isolation of tyrosinase inhibitors from red globe amaranth.
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CIRCULAR DICHROISM MEASUREMENTS

Circular dichroism (CD) spectroscopy can be used to estimate the overall conformation of
protein molecules. The CD measurements of tyrosinase in the presence and absence of VA
were obtained in the range of 190-250 nm using a 2-mm quartz cuvette at a scan speed
of 60 nm/min, with the results from three scans averaged for each CD spectrum. Each
1.0 ml mixture contained 0.9 ml tyrosinase (0.1 mg, dissolved in water) and 0.1 ml VA
(dissolved in a 10% methanol aqueous solution). The VA/tyrosinase molar ratio was varied
(0, 1:1, and 4:1), and the CD spectra were recorded using MOS-450 spectrometer (Bio-
Logics Inc., Grenoble, France) at 25°C (19,20).

ULTRAVIOLET SPECTROSCOPIC MEASUREMENTS

Ultraviolet (UV)/visible spectroscopy was used to evaluate whether VA could chelate
copper ion of tyrosinase. Spectra at 240—-400 nm were measured using the UV-2102
spectrophotometer (Unico Inc., Shanghai, China). The mixture contained 1.9 ml of
the samples (10 pg/ml, dissolved in 0.2% methanol) and 0.1 ml of 50 mM phosphate
buffer (pH 6.8) with mushroom tyrosinase (100 units/ml). Scans of 1.0 mM CuSOy
were obtained for comparison (21,22).

MODEL BUILDING AND MOLECULAR DOCKING

The crystal structure of tyrosinase from Bacillus megaterium (TyrBm; PDB ID: 3NQ1)
(23) was chosen as the protein model in this study. The dicopper and ligands were re-
moved from 3NQI1 before the docking computation was performed. The docking algo-
rithm was based on the ROSETTALIGAND software (http://www.rosettacommons.org)
as previously described (24,25). For each receptor—ligand pair, 500 docking results
were generated from the docking calculation. Then, top 10 structures were selected
based on the total ROSETTA energy, and they were ranked by the receptor—ligand
interaction energy and ligand conformational variation parameters. The figures were
produced using the PyMOL molecular graphics system (http://www.pymol.org).

RESULTS AND DISCUSSION
EFFECT OF FRACTIONS FROM RED GLOBE AMARANTH ON TYROSINASE ACTIVITY

Table II shows the inhibitory effect of the crude extracts from red globe amaranth flower
on tyrosinase. Table II shows that the crude extract had a concentration-dependent in-
hibitory effect on tyrosinase activity, with an ICsy value of 3.32 mg/ml. These results
suggest that the crude extract of red globe amaranth flower has potential inhibitory ef-
fects on tyrosinase. The inhibitory effects on tyrosinase by additional EA extract fractions
are presented in Table III, which shows that the eight fractions (G=IN) inhibited tyrosi-
nase activity to varying degrees. Overall, the fractions I, K, and N could inhibit tyrosi-
nase activity considerably with inhibition rates of 51.05%, 54.37%, and 70.89%,
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Table II
Inhibitory Effects of Crude Extracts of the Red Globe Amaranth on Tyrosinase
Concentration (mg/ml) Inhibition rate (%) (Mean£SD)
0.35 15.43 £1.48
1.75 30.47 £ 1.16
3.50 48.91+£0.22
5.25 75.81£1.67

respectively; the eluents for these fractions were ether-acetic ether in 8:2, 6:4, and 6:4
ratios, respectively.

Further separation yielded 14 fractions, whose inhibitory effects on tyrosinase are shown
in Table III. The K fraction generally showed the greatest inhibition of tyrosinase activ-
ity. The K6 fraction was especially suitable for inhibiting tyrosinase activity; it almost
inhibited tyrosinase activity at the concentrations tested. Finally, we successfully identi-
fied VA from K6 as one of the most effective constituents of the red globe amaranth at
depigmenting substrates based on its ability to inhibit tyrosinase activity.

Table III
Inhibitory Effects of the Fractions on Tyrosinase Activity
Fraction Fraction Inhibition rate (%) (MeanSD)
G 40.47 £5.46
I 51.05 £10.57
I1 44.26 £3.42
12 8.36 £1.98
I3 41.89£4.71
14 20.07 £1.70
J 43.57 £1.46
K 54.37 £9.43
K1 4.81 £4.70
K2 48.14 £10.34
K3 36.03£10.93
K4 49.04+0.26
K5 58.12£7.36
K6 96.48 £2.17
L 31.85+1.37
M 22.43 £4.33
N 70.89£7.58
N1 31.60 =£8.95
N2 36.24£0.19
N3 46.94 £ 3.07
N4 23.30£2.12
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INHIBITORY EFFECT OF VA ON TYROSINASE

The inhibitory effect of the prepared VA from red globe amaranth on tyrosinase activity
is given in Table IV, which shows that VA had a concentration-dependent inhibitory
effect on tyrosinase activity. On the basis of linear line-fitting, the ICs( values of VA on
the activities of tyrosinase monophenolase and diphenolase were 0.53 and 0.63 mg/ml,
respectively. Arbutin, which is a commercial tyrosinase inhibitor, can inhibit tyrosinase
monophenolase activity; however, it did not inhibit diphenolase activity very well at the
doses tested. VA inhibited tyrosinase activity, especially diphenolase activity, to a greater
extent than arbutin when the concentration was over 0.67 mg/ml. When the dose of VA
was greater than 1.00 mg/ml, the tyrosinase activity was almost inhibited. Moreover,
we found that VA inhibited monophenolase activity more effectively than diphenolase
activity, especially at the low concentrations of 0.17-0.67 mg/ml used in our study.
Thus, VA could potentially be a good inhibitor of tyrosinase activity.

VA was traced from the EA part; other parts of the crude extracts also have tyrosinase
inhibitory effect, such as PA and BA, although they are not the major parts, so the aban-
doned parts may be the reason that the efficacy of highly purified fraction was only five-
fold higher than that of crude extract.

EFFECT OF VA ON CONFORMATION OF TYROSINASE

We investigated the structural and conformational changes caused by the addition of VA
(26). The CD spectra of tyrosinase in the absence and presence of VA were investigated,
the result is shown in Figure 2. The CD results show that the interaction between ty-
rosinase and VA hardly affects the spectra of tyrosinase in the range of 200—250 nm with
two concentrations of the inhibitor, which indicates that VA interacts with tyrosinase
without inducing detectable changes in the enzyme conformation.

UV SPECTROSCOPIC ANALYSIS

Tyrosinase is classified as a type-3 copper protein family member with a dicopper (CuA
and CuB) center lodged in a helical bundle. The dicopper center has a high degree of
conservation and plays an important catalytic role in the activity of tyrosinase (27). When

Table IV
Inhibitory Effects of Vanillic Acid and Arbutin on Tyrosinase (mean value * standard deviation)
L-tyrosine as substrate L-dopa as substrate
Dose (mg/ml) VA (MeantSD) Arbutin (MeanSD) VA (MeantSD) Arbutin (Mean®SD)
0.17 8.19+1.35 54.43 £ 0.09 2.08£0.11 8.44 £ 0.77
0.33 30.70 £5.32 64.35 £1.56 3.33+1.26 10.58 £0.68
0.67 77.16 £2.10 71.36£2.96 59.67 £5.10 7.64+0.93
1.00 97.74£0.23 78.33£0.75 82.06 £2.50 1243 +1.27
1.33 98.83 £ 0.54 79.60 = 1.09 90.92£0.55 16.77 £1.73
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Figure 2. CD spectroscopy of tyrosinase with the addition of VA.

inhibitors with conjugative effect interact with Cu’, which can enhance the interior
conjugation effect of the inhibitor, the spectral characteristics of the inhibitors will show
red shift peaks. As a result, in research on the mechanism of tyrosinase inhibitors , UV/
visible spectroscopy can be used for studying the chelate formation between the copper
ions of tyrosinase and inhibitors. Kubo and Kinst-Hori reported that kaempferol could
inhibit tyrosinase activity as a copper chelator, and the inhibitory mechanism was dem-
onstrated by a bathochromic shift of the spectral characteristics of kaempferol after add-
ing excessive Cu’" (21). Kim ez «/. found that new peaks of a flavonoid were produced on
interaction with the Cu”* and concluded that the flavonoid could inhibit the tyrosinase
interacting with the copper ion of the enzyme (22). Figure 3 shows the changes in the
UV/visible spectra of VA after the addition of tyrosinase and excess Cu®". In the UV/vis-
ible spectrum, VA had characteristic absorption bands at 255 and 288 nm, which are

0.60 VA
- = - VA+Cu(I)

0.45 VA +Ttyrosinase
2
<

0.30

0.15

0.00 1 1 1 1

240 260 280 300 320 340
Wavelength(nm)

Figure 3. UV/visible spectrum of VA with the addition of Cu** and tyrosinase.
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assumed to be band K (210-250 nm) and band B (260-300 nm) of a benzene ring. The
maximum absorptions of VA remained the same after the addition of excess Cu’’, whereas
the absorption maxima shifted to 249 and 285 nm after the addition of tyrosinase. These
results illustrate that the VA can interact with tyrosinase; however, chelation interaction
between VA and the dicopper copper ion of the enzyme is not included (30).

STEREOSCOPIC STRUCTURAL HOMOLOGY ANALYSIS

The conformations of VA docked onto tyrosinase were investigated to determine the
mechanism of inhibition of mushroom tyrosinase by VA. Because a three-dimensional
structure of mushroom tyrosinase has not yet been reported, we used crystal structure of
tyrosinase from B. megaterium as a model (Figure 4, dark) (23). Before the molecular dock-
ing was performed, the structure of mushroom tyrosinase (TyrMu) (Figure 4, light) was
predicted according to its primary sequence (GenBank ID: CAC82195.1) from the Phyre
Server (28) for comparison. We superimposed the predicted structure of TyrMu with the
crystal structure of TyrBm using the secondary structure matching superimposition pro-
gram Coot (29). The superimposition results of the overall structures and the active sites
are shown in Figure 4. The predictions indicated that the catalytic core domains of the
two three-dimensional structures are highly conserved. Therefore, it is reasonable to
choose the active center of TyrBm to serve as our structural model.

MOLECULAR DOCKING ANALYSIS

The molecular simulations of the interaction between VA and tyrosinase are shown in
Figure 5. VA was bound by interactions with residues Glu192 and Gly213 (Glu195 and
Gly216 in TyrBm) at the entrance to the active center and His57 (His60 in TyrBm)
in the active center (Figure 5A). Thus, the conformation of the active pocket may be
changed by VA as a result of the interaction with adjacent residues (23). Furthermore, we

&
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-
—_—
4
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Figure 4. Superimposition of TyrBm (dark) and the prediction of the mushroom tyrosinase structure (light).
The two balls were dicopper center of tyrosinase.
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L-tyrosine

L-dopa

Figure 5. Suggested docking model for VA and tyrosinase. (A) Interaction of VA and tyrosinase in the dock-
ing model. (B) Superimposition of VA with 1-tyrosine and L-dopa.

superimposed VA with substrates in PyYMOL (Figure 5B). The overlap prediction indi-
cates that the three-dimensional position occupied by VA is almost the same as that of the
substrates at the tyrosinase active core domain. Thus, VA obstructs the correct orientation
of the substrates at the catalytic center, which suggests one possible mechanism of inhibi-
tion (23). Sendovski ¢z 2/. suggested that His57 (His60 in TyrBm) is responsible for the
deprotonation of the monophenol substrate (23). The interaction of VA with His57 im-
plies that VA may have a greater effect on monophenolase activity than on diphenolase
activity, which is consistent with the results described above.

For the modeling of molecular docking using Rosetta, the value of the total score is re-
lated to the free energy of the receptor—ligand complex. The total scores were —936.57,
—934.99, and —936.46 for the modeling of docking with VA, 1-tyrosine, and 1-dopa, re-
spectively. Thus, the tyrosinase—VA complex exhibited greater stability compared with
that of the substrate complexes. Thus, VA may bind to tyrosinase more easily and more
strongly than monophenol and diphenol substrates. As a result, VA could inhibit tyrosi-
nase activity in the presence of substrates, as shown in Table IV. In addition, because the
tyrosinase—L-tyrosine complex is the least stable, the competition by the inhibitor may be
stronger for monophenol substrate, which may be another reason that the monophenolase
activity is lower than the diphenolase activity in the presence of VA.
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CONCLUSION

As a Chinese herbal medicine, red globe amaranth strongly inhibits tyrosinase activity.
In addition, we identified for the first time that VA is a constituent of amaranth with
strong tyrosinase inhibition activity. As a potential tyrosinase inhibitor, VA could in-
hibit both the monophenolase and diphenolase activities of tyrosinase better than the
commercial tyrosinase inhibitor arbutin. We found that VA did not change the overall
conformation of the enzyme structure and did not chelate the dicopper when it inter-
acted with tyrosinase. The most probable mechanism of inhibition is that VA interacts
with tyrosinase more stably than the substrates. When VA interacts with tyrosinase,
the path for the substrates to the enzyme catalytic center is obstructed. Therefore, the
orientation of the substrates to the dicopper center is interrupted because of the hinder-
ing effect, which inhibits the monophenolase and diphenolase activities of tyrosinase.
However, the interaction model and molecular mechanism were predicted according to
the docking algorithm, which is limited to simulating the interaction of a protein and
a ligand. Protein crystallography studies may provide further insight into the molecu-
lar mechanism of inhibition.
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