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An inhibition mechanism of dihydromyricetin on
tyrosinase and the joint effects of vitamins Bg, D3
orE

Meihui Fan,? Guowen Zhang, & *2 Junhui Pan® and Deming Gong®

Dihydromyricetin (DMY), a natural flavonoid, was found to effectively inhibit tyrosinase activity in a mixed-
type manner with an ICsq value of (3.66 + 0.14) x 107> mol L™ DMY combined with the dietary vitamin
Ds at lower concentrations exhibited a synergistic effect on the inhibition of tyrosinase. The formation of
a DMY-tyrosinase complex led to fluorescence quenching and conformational changes of tyrosinase,
which was driven mainly by hydrophobic interactions and hydrogen bonds. The molecular simulation
further found that DMY inserted into the active pocket of tyrosinase interacted with amino acid residues
Tyr78, His85, and Ala323, occupying the catalytic center of tyrosinase to hinder entrance of the substrate,
leading to the inhibition of tyrosinase. This study may provide a scientific foundation for screening

rsc.li/food-function effective tyrosinase inhibitors.

1. Introduction

Tyrosinase belongs to the type 3 copper protein family contain-
ing dinuclear copper ions and widely exists in animals." It is a
critical enzyme in the synthesis process of melanin pigments,
catalyzing ortho-hydroxylation of monophenols to o-diphenols
and then to corresponding o-quinones.”> Its overexpression
may lead to several pigmentation disorders, such as age spots,
freckles, melasma, and malignant melanoma. Therefore, the
study of tyrosinase inhibitors is of great significance in the
treatment of some pigmentation disorders.

Currently, some known tyrosinase inhibitors have been
reported to have some side effects.® For instance, kojic acid,
hydroquinone, and corticosteroids are used as tyrosinase inhibi-
tors in the cosmetic industry, but some studies show they can
give rise to dermatitis, skin irritation, melanocyte destruction,
cytotoxicity, and skin cancer.? Natural plants rich in bioactive
chemicals are attracting researchers’ attention in screening for
new candidates.>® Apigenin was found to inhibit polyphenol-
oxidase activity reversibly in a mixed-type manner with an ICs,
of 3.92 x 107> mol L7 Glabridin was reported to inhibit the
activity of tyrosinase in a noncompetitive manner with an ICs,
of 4.3 x 1077 mol L™.* Avocado proanthocyanidins inhibited
tyrosinase in a reversible and competitive manner.?
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Dihydromyricetin (DMY, structure shown in Fig. 1A), also
known as ampelopsin, exists in many edible and medicinal
plants, such as Hovenia dulcis Thumb and A. grossedentata.
It has shown many curative effects, including decreasing
blood pressure, reducing blood sugar, inhibiting hyperten-
sion, and protecting the liver.”'® DMY was reported to be an
effective candidate for the treatment of alcohol caused dis-
orders.'" It was found that DMY can effectively inhibit the
activity of tyrosinase.'> However, the study was restricted to
the enzymatic activity assay, and the inhibitory mechanism
of DMY on tyrosinase is unknown. Therefore, investigating
the inhibition mechanism of DMY on tyrosinase may
provide valuable information for the functional applications
of DMY as a tyrosinase inhibitor. In addition, vitamins B,
D3, and E (structures shown in Fig. 1B) are essential
vitamins for human body. These vitamins and DMY can be
obtained from daily dietary, and they may coexist in the
human body. Therefore, it is also necessary to study the
joint inhibitory effects of DMY and vitamins Bg, D3, or E on
tyrosinase activity.

The main objectives of this study were to investigate the
inhibitory kinetics, binding characteristics and inhibitory
mechanisms of DMY on tyrosinase, and to determine the joint
effects of vitamins B, D3, or E on DMY inhibiting tyrosinase
by a combination of UV-Vis absorption, fluorescence, circular
dichroism (CD), Fourier transform infrared (FT-IR), and mole-
cular docking approaches. This study is expected to benefit
further understanding of the inhibitory mechanism of DMY
on tyrosinase and provide a scientific foundation for screening
effective tyrosinase inhibitors.
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(A) Inhibitory effects of DMY and kojic acid on tyrosinase (pH 6.8, T = 303 K). c(tyrosinase) =
mol L% (B) Inhibitory effects of vitamins Bg, D3, or E on tyrosinase, respectively. c(vitamin Bg) =
= 0-6.0 x 10~* mol L. (C) Plots of the v versus [tyrosinasel. c(L.-dopa) =
mol L™* for curves a — d, respectively. (D) Lineweaver—Burk plots. c(tyrosinase) = 2.08 x 10~ mol L™, c(DMY) =
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curves a — d, respectively. The secondary replots of slope versus [tyrosinase] and Y-intercept versus [tyrosinase] are in the inset.

2. Materials and methods

2.1. Chemicals and materials

Tyrosinase (EC 1.14.18.1, 128 kDa) was purchased from
Worthington Biochemical Co., and its stock solution (1.56 x
107> mol L") was prepared in 0.05 mol L™ sodium phosphate
buffer (pH 6.8). DMY (purity > 98%), vitamins Be (purity >
98%), D3 (purity > 99.8%), and E (purity > 98%), and -dopa
(purity > 99%) were obtained from Aladdin Chemical Co.
(Shanghai, China). The stock solutions of DMY (4.0 x 107°
mol L"), vitamin D; (1.0 x 107> mol L"), and vitamin E (1.0 x
107> mol L") were made in dimethyl sulfoxide (DMSO) and
then to a specified volume by adding sodium phosphate buffer
(pH 6.8). In the whole process of the experiment, the content
of DMSO was kept below 3.33%."° The stock solutions of
vitamin Bg (2.0 x 107> mol L™") and r-dopa (5.0 x 10~ mol L™")
were made in the buffer solution. All the stock solutions were
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stored at 4 °C, and all reagents and solvents were of analytical
purity grade. Fresh ultra-purified water was used throughout
the whole study.

2.2. Tyrosinase activity assay

The enzyme activity assay was performed on an UV-Vis
spectrophotometer (Persee TU-1901, Beijing, China) based on
our previous method with slight modification.’* In a 3.0 mL
reaction system, a series of different inhibitors (DMY, vitamins
Bs, D3, or E) and a fixed concentration of tyrosinase (2.08 x
1077 mol L") were incubated for 1 h at 30 °C. r-Dopa (5.0 x
10" mol L") was added to the complex solution to initiate
the reaction and then absorbance at 475 nm of the mixture
was determined every 5 s. Kojic acid was used as a positive
control. The enzyme activity was calculated by the following
relationship: relative activity of tyrosinase (%) = (slope of reac-
tion kinetics equation obtained by reaction with inhibitor)/

This journal is © The Royal Society of Chemistry 2017
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(slope of reaction kinetics equation obtained by reaction
without inhibitor) x 100%.">'®

2.3. Kinetic analysis

The mixed-type inhibition mechanism can be analyzed on the
basis of the Lineweaver-Burk equation in a double reciprocal
form as follows:"’

e (g ) o

where v is the enzyme reaction velocity in the absence and
presence of DMY, K, denotes the Michaelis-Menten constant;
[I] and [S] are the concentrations of DMY and r-dopa, respect-
ively; K; is the constant of the DMY binding with free tyrosi-
nase, and Kjs represents the constant of DMY binding to
the 1-dopa-tyrosinase complex. Secondary plots were plotted
from:"®

Kn K

Slope =
Vinax VimaxKi

(2)

1 1
Vr?n%g Vmax  KisVmax

Y-intercept =

1] (3)

2.4. Fluorescence titration experiments

According to our previous method," the fluorescence spectra
were measured on a spectrofluorophotometer (Model F-7000,
Hitachi, Japan) equipped with a thermostat bath. A 2.5 mL
sample of tyrosinase solution (2.4 x 107° mol L™") was added
to the 1.0 cm path-length quartz cell and then the solution
was titrated by different concentrations of DMY solution
(0-32 x 107° mol L™"). All of the mixtures were kept for 5 min
to equilibrate, and then the fluorescence emission spectra
were recorded at 298, 304, and 310 K from 290 to 500 nm by
excitation at 280 nm. The emission and excitation bandwidths
were both set at 2.5 nm. To correct the fluorescence back-
ground, the fluorescence spectra of sodium phosphate buffer
(pH 6.8) were deduced.

Synchronous fluorescence spectra were measured from 200
to 400 nm by scanning the excitation wavelength and emission
wavelength interval (A1) at 15 and 60 nm.

In consideration of the re-absorption and inner filter, the
fluorescence data were corrected according to the following
relationship:"°

Fe = Fneltrt)/2 (4)

where F. and F,, are the corrected and measured fluorescence,
A, and A, indicate the absorbance of DMY at excitation and
emission wavelengths, respectively.

A Red edge excitation shift (REES) of free tyrosinase was
compared to that of the DMY-tyrosinase complex. DMY solu-
tions with various concentrations (0-32 x 107° mol L™") were
added into the tyrosinase solution (2.4 x 10~° mol L™"), then
the fluorescence emission spectra were recorded at different
excitation wavelengths ranging from 280 to 300 nm with 4 nm
increment.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

2.5. CD spectra study

CD measurements (190-250 nm) of tyrosinase with increasing
concentrations of DMY were conducted on a CD spectrometer
(MOS 450, Bio-Logic, Claix, France) equipped with a quartz
cell of 1.0 mm optical path length under constant nitrogen
flush at room temperature. The concentration of tyrosinase
was 2.4 x 107° mol L™, and the molar ratios of DMY to tyrosi-
nase varied as 0:1, 1:8, and 1:4, respectively. All CD spectra
were corrected by removing the buffer signal. The online
SELCON3 program was used to calculate the contents of
different secondary structures of tyrosinase with CD spectra
data (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml).>®

2.6. FT-IR spectra measurements

FT-IR spectra were scanned using a FT-IR spectrometer
(Thermo Nicolet-5700, USA) via the germanium attenuated
total reflection (ATR) method with a resolution of 4 cm™" and
32 scans. The spectra of tyrosinase (2.4 x 10~ mol L™") in the
absence and presence of DMY (0.6 x 10~ mol L™") were
measured in the range of 1800-1400 cm™". The absorbance data
about free DMY and buffer solutions were obtained and
deducted. Then the FI-IR spectra and curve-fitted results of an
amide I band were used to analyze the secondary structure com-
positions of tyrosinase and its DMY complex by utilizing Omnic
software (version 7.2, Nicolet Instrument Co, Madison, WI, USA).

2.7. Molecular docking

The probable interaction between tyrosinase and DMY was
further analyzed by the docking program (AutoDock 4.2,
Scripps, USA). The 3D structure of DMY was constructed in
Chem3D Ultra 8.0 and the X-ray crystal structure of Agaricus
bisporus tyrosinase was retrieved from PDB data base (ID: 2Y9X).
The dimension grid box (90 A x 90 A x 102 A) and the grid
spacing of 0.619 A were defined to enclose the active site. In the
preparation of molecule docking, the entire water molecules in
tyrosinase were removed, and then Gasteiger charges and hydro-
gen atoms were added to the PDB file. The docking calculations
were performed by using the Lamarckian genetic algorithm
(LGA) and the search parameter was set to run 100 times.

2.8. Statistical analysis

All the experiments were conducted three times unless other-
wise stated. Data were expressed as the mean + standard devi-
ation. One-way analysis of variance (ANOVA) was performed by
utilizing Origin 8.0 and p < 0.05 was considered statistically
significant.

3. Results and discussion
3.1. Effects of DMY and vitamins on tyrosinase activity

As shown in Fig. 1A, when the concentration of tyrosinase was
kept constant, the activity of tyrosinase conspicuously
decreased with increasing concentrations of DMY and kojic
acid (positive control). The IC;, values of DMY and kojic acid
were (3.66 + 0.14) x 107> and (4.64 + 0.37) x 10> mol L7,

Food Funct, 2017, 8, 2601-2610 | 2603


https://doi.org/10.1039/c7fo00236j

Published on 19 June 2017. Downloaded by SEJONG UNIVERSITY on 11/21/2023 5:44:36 AM.

Paper

respectively. They exhibited a similar inhibitory capacity on tyr-
osinase activity. Compared with DMY, vitamins D; and E
showed a weaker inhibition activity on tyrosinase, whereas
vitamin B almost had no inhibition activity against tyrosinase
(Fig. 1B). At present, researchers have paid more attention to
the inhibition of a single inhibitor and less to the inhibitory
effects of combinations of two inhibitors. A synergistic effect
means that the sum of each inhibitor alone is less than the
joint inhibitory ability. If the sum of each inhibitor alone is
equal to the joint inhibitory ability, it is called the additive
effect. The joint effect of vitamins on the inhibition of tyrosi-
nase by DMY was determined according to the literature.*"*?
In the assay, the three vitamins were mixed with DMY, respect-
ively, and then the effects of different mixtures on tyrosinase
were analyzed. The relative enzymatic activity in the presence
of DMY is represented as V,. V}, denotes the relative enzymatic
activity after the addition of vitamin. The relative enzymatic
activity in the presence of both DMY and one vitamin was
defined as V,p. If the inhibitory effects on tyrosinase of DMY
and one vitamin are independent, the final remnant activity
fraction of tyrosinase (V.) is equal to V, x V}. The values of
Vab—Ve below —0.10 were recorded as synergy (SY), the values
between —0.1 and +0.1 were considered as additive (AD), and
the values beyond +0.10 were regarded as subadditive (SU).” As
shown in Table 1, when the concentration of DMY was 1.33 X
10~ mol L™" and the concentration of vitamin D; was 3.3 X
10~ or 8.3 x 10~ mol L7!, the DMY-vitamin D, mixture
showed a synergetic effect on the inhibition of tyrosinase.
However, with increasing the concentration of vitamin D; from
8.3 x 107> to 2.00 x 10" mol L™, the joint effect mode was
changed from synergetic to additive effects. When the concen-
tration of vitamin D; was 3.3 x 107>, 8.3 x 10~ or 2.00 x 10™*
mol L' and the concentration of DMY was 4.00 x 10> or
9.33 x 107 mol L™, the DMY-vitamin Dj; system exerted an
additive effect, except for a subadditive effect at DMY and
vitamin D; concentrations of 9.33 x 10> and 2.00 x 10~* mol
L™". Compared to vitamin Dj, vitamins Bs, or E showed addi-
tive or subadditive effects on the inhibition of tyrosinase in
the studied concentrations. These results indicated that the
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addition of vitamins Bg, D; or E could influence the inhibition
activity of tyrosinase by DMY.

3.2. Reversibility

The plots of the v versus [tyrosinase] at different concentrations
of DMY are shown in Fig. 1C. All the lines showed good linear-
ity and passed through the origin. Furthermore, increasing
concentration of DMY caused a decrease in the slope of the
lines, indicating that DMY did not reduce the amount of
efficient enzyme available except inhibiting tyrosinase activity.
The results indicated that DMY reversibly inhibited tyrosinase
activity, and there was a non-covalent intermolecular inter-
action between DMY and tyrosinase.>***

3.3. Inhibitory kinetics

Lineweaver-Burk double reciprocal plots were used to validate
the inhibition type of DMY on the tyrosinase activity during
the oxidation of 1-dopa. As shown in Fig. 1D, the four lines
intersected in the second quadrant with different slopes and
intercepts, and the apparent K, increased with the decreasing
Vmax, Suggesting that DMY induced mixed-type inhibition on
tyrosinase and may bind to both free tyrosinase and the
1-dopa-tyrosinase complex.”>*® The values of K; and K;, were
calculated to be (8.97 + 0.45) x 107> and (2.37 + 0.13) x 10™*
mol L™ by eqn (1)~(3), respectively. It implies that DMY may
tend to more easily and firmly bind to the free tyrosinase than
to the DMY-tyrosinase complex since the values of Kj; was
greater than that of K; for the oxidation of L-dopa. It was specu-
lated that the affinity between tyrosinase and r-dopa dimin-
ished in the presence of DMY.*” In addition, the secondary
replots of slope and Y-intercept versus [DMY| were linearly
fitted, suggesting that DMY may have a single class of
inhibition sites or a single inhibition site on tyrosinase.

3.4. Fluorescence quenching of tyrosinase by DMY

As shown in Fig. 2A, tyrosinase exhibited a strong emission
peak at 354 nm, while DMY showed almost no fluorescence
band. With the addition of DMY, the fluorescence intensity of
tyrosinase at 354 nm was gradually quenched with a red shift

Table 1 Interaction effects of DMY with vitamin Bg, vitamin D5, or vitamin E on the inhibition of tyrosinase at various concentrations

DMY (1.33 x 10> mol L")

DMY (4.00 x 10™°> mol L)

DMY (9.33 x 10~ mol L)

Value Value

Value
Interaction

Interaction

Interaction
Concentrations (mol L™") Obsd (V,,) Expected (V) Vap—Ve

Obsd (V) Expected (Vo) Vap—Ve

Obsd (Vap) Expected (Vo) Vap—Ve

—0.07AD®  0.42
—0.06AD  0.40
—0.08AD  0.38
—0.17SY? 0.1
—0.12S8Y  0.37
—0.05AD  0.35
—0.05AD  0.39
—0.07AD  0.38
—0.04AD  0.32

Vitamin Bg (1.33 x 107*)  0.53 0.60
Vitamin By (2.67 x 107*)  0.53 0.59
Vitamin B (4.67 x 107%)  0.42 0.50
Vitamin D5 (0.33 x 107%)  0.42 0.59
Vitamin D; (0.83 x 107%)  0.37 0.49
Vitamin Dj (2.00 x 107™*)  0.36 0.41
Vitamin E (0.33 x 10™")  0.43 0.48
Vitamin E (0.83 x 107")  0.39 0.46
Vitamin E (2.00 x 107*)  0.33 0.37

0.50 —0.08AD 0.36 0.35 0.01AD
0.49 —0.09AD 0.36 0.34 0.02AD
0.48 —0.10AD 0.37 0.33 0.04AD
0.47 —0.06AD 0.38 0.32 0.06AD
0.39 —0.02AD 0.35 0.27 0.08AD
0.33 0.02AD 0.34 0.23 0.11SU°
0.38 0.01AD 0.39 0.27 0.125U
0.36 0.02AD 0.34 0.25 0.09AD
0.29 0.03AD 0.31 0.21 0.10AD

“ AD means additive interaction. ” SY means synergistic interaction. ¢ SU means subadditive interaction.
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Fig. 2 (A) Fluorescence spectra of tyrosinase with different concentrations of DMY (pH 6.8, T = 298 K). c(tyrosinase) = 2.4 x 10~ mol L™, and
c(DMY) = 0, 3.2, 6.4, 9.6, 12.8, 16.0, 19.2, 22.4, 25.6, 28.8, and 32.0 x 10~® mol L™* for curves a — k, respectively; curve | shows the emission spectra
of DMY only, c(DMY) = 3.2 X 107® mol L™ . The inset shows Stern—Volmer plots for the fluorescence quenching of tyrosinase by DMY at three
different temperatures (298, 304, and 310 K). (B) The overlap of fluorescence spectrum of tyrosinase (black) with the absorption spectrum of DMY
(red) at 298 K. c(DMY) = c(tyrosinase) = 2.4 x 107® mol L™ . Synchronous fluorescence spectra of tyrosinase in the absence and presence of DMY (C)
A2 =15 nm, (D) = 60 nm. c(tyrosinase) = 2.4 x 107° mol L™, and c(DMY) = 0, 3.2, 6.4, 9.6, 12.8, 16.0, 19.2, 22.4, 25.6, 28.8, and 32.0 x 10° mol L™*
for curves a — k, respectively. (E) Red edge excitation curves for tyrosinase before and after addition of DMY, c(tyrosinase) = 2.4 x 107® mol L2,
c(DMY) = 0, 8.0, 16.0, 24.0, 32.0 x 10~ mol L™ for curves a — e, respectively.

of the emission peak (from 354 to 363 nm). This result The mechanism of fluorescence quenching was usually
suggested that DMY might interact with tyrosinase and induce classified as static quenching and dynamic quenching.'” In
a conformational change of tyrosinase. order to ascertain the fluorescence quenching mechanism of

This journal is © The Royal Society of Chemistry 2017 Food Funct, 2017, 8, 2601-2610 | 2605
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tyrosinase caused by DMY, the fluorescence data were calcu-
lated by using the Stern-Volmer equation:*®

% =1+ Ks[Q] = 1+ Kq70[Q] (5)

where F, and F represent the fluorescence intensities of tyrosi-
nase in the absence and presence of DMY, respectively; K,
denotes the Stern-Volmer quenching constant, which could be
obtained by the linear regression of a plot of Fy/F against [Q];
Kq and 7, (10~° s) are the bimolecular quenching rate constant
(Kq = Kq /7o) and the average lifetime of the fluorophore in the
absence of DMY, respectively; [Q] is the concentration of DMY.

As shown in the inset of Fig. 2A, all the curves had a good
linearity, indicating that the fluorescence quenching pro-
cedure is single type. The values of K, at 298, 304, and 310 K
were in the order of magnitude of 10" L mol™" and showed a
decreasing trend with the increase of temperature (Table 2).
Moreover, the calculated K, values (2.82 x 10'%, 2.64 x 10'?,
and 2.45 x 10" L mol™* s™* at 298, 304, and 310 K, respect-
ively) were much greater than the maximal scatter collision
quenching constant (2.0 x 10'° L mol™ s™"). All these results
indicated that the fluorescence quenching of tyrosinase by
DMY was a static quenching process.

3.5. Binding constant and number of binding sites

For static quenching, the binding constant (K,) and the
number of binding sites (n) were determined based on the fol-
lowing equation:*’
Fy—F 1
=nlog K, —nlog———— 6

g Ka g (FO —F)[Pt] ( )

Q) -
0

log

where [Q;] and [P,] are the concentrations of DMY and tyrosi-
nase, respectively. As shown in Table 2, the K, values at three
different temperatures (298, 304, and 310 K) were in the order
of magnitude of 10° L mol™", indicating that a high affinity
existed between DMY and tyrosinase. The values of K, showed
a decrease with an increase in the temperature, indicating that
the stability of the DMY-tyrosinase complex decreased at
higher temperatures. Moreover, the values of n were close to 1
at different temperatures, suggesting that there was one
binding site on tyrosinase for DMY.

3.6. Thermodynamics

The thermodynamic parameters of the binding process, includ-
ing enthalpy change AH° and entropy change AS° could be
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used to determine the main binding forces, and their values

could be obtained on the basis of the van’t Hoff equation:
AH° n AS°

2.303RT  2.303R

logK, = — (7)
if the values of AH° do not conspicuously vary with the temp-
erature range studied, AH° could be considered as a constant,
and then the free energy change AG° could be evaluated using
the following relationship:

AG® = AH® — TAS° (8)

where R denotes the gas constant (8.314 ] mol™" K™*) and the
temperatures are 298, 304, and 310 K. The values of AH® and
AS° were calculated to be —18.45 + 0.12 k] mol™ and 38.25 +
0.12 ] mol™" K" respectively by eqn (7) (Table 2). According to
the Ross and Subramanian’s law,>® AH° < 0 and AS° > 0 rep-
resented that hydrophobic forces and hydrogen bonds played
an important role in the interaction process. The negative
signal for AG° and AH° means that the interaction of DMY
with tyrosinase was spontaneous and exothermic.

3.7. Binding distance

In the light of the Forster’s non-radiative energy transfer
theory,®' the distance between tyrosinase and DMY could be
analyzed. The quantum yield (¢) of tyrosinase can be deter-
mined by comparing the fluorescence intensity of human
serum albumin (HSA) solution under the same conditions by
utilizing the following equation:*?

=P F%% )
where F and Fy denote the fluorescence intensities of tyrosinase
and HSA; A and A, mean the absorption of tyrosinase and HSA
at an excitation wavelength of HSA; ¢ and ¢ represent the fluo-
rescence quantum yields of tyrosinase and HSA (¢g = 0.13).
@ was calculated to be 0.29 by eqn (9). The efficiency of energy
transfer £ and the average distance r between tyrosinase and

DMY can be obtained by the equations:

R  Fy—F

E i R (o

Ro® = 8.79 x 10 25k*N ~*¢J (11)
 SSF()e(A)A4A2

T S F(A)AZ (12)

Table 2 Quenching constants K, binding constants K,, number of binding sites n, and relative thermodynamic parameters of the interaction

between DMY and tyrosinase at different temperatures

T(K) Kg(x10*Lmol™) R? K, (x10°Lmol™) R n AH° (kK mol™")  AG° (kfmol™")  AS°(Jmol' K™
298 2.82 +0.02 0.9959  1.69 % 0.12 0.9993  0.84+0.04  —18.45=0.12 —29.85 £ 0.2 38.25+0.12

304 2.64 + 0.04 0.9891  1.48£0.32 0.9989  0.87 £0.05 —30.08 £ 0.3

310 2.45 + 0.03 0.9931  1.27 £0.10 0.9965  0.86 + 0.03 -30.310.2

R is the correlation coefficient for the Ky, values. ” R is the correlation coefficient for the K, values.
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where R, denotes the critical distance when the transfer
efficiency is 50%; F, and F are the same as in eqn (5); &* is the
orientation factor of dipole; N is the refractive index of medium;
¢ represents the fluorescence quantum yields of tyrosinase; and
J is the overlap integral between the fluorescence emission
spectra of tyrosinase and the absorption spectra of DMY
(Fig. 2B). In this study, ¥* = 2/3, N = 1.336."* The values of the
parameters were J = 1.61 x 10~** em® L mol™, R, = 2.11 nm, E =
0.05, and r = 3.43 nm according to eqn (10)-(12). The value of
r was less than 8 nm and 0.5R, < r < 1.5 R,, suggesting that
there was non-radiative energy transfer from tyrosinase to DMY.
Furthermore, r > R, further supported that this fluorescence
quenching is static between DMY and tyrosinase.*

3.8. Conformational changes of tyrosinase

The conformational changes of tyrosinase with the binding of
DMY were investigated by the synchronous fluorescence, Red
edge excitation shift (REES), CD, and FT-IR spectroscopy.
Synchronous fluorescence could offer information about the
changes of tryptophan and tyrosine residues in tyrosinase

2_
@ 0
5 [DMY]:[tyrosinase]
E — 01
A 21 — 1:8
© — 14
4
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©
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| B-sheet 15.2%
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| B-turn 21.0%

Random coil 26.7%

Absorbance

1700 1680 1660 1640 1620 1600
Wavenumbers/cm”
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when the wavelength interval Al was fixed at 15 and 60 nm,
respectively. As shown in Fig. 2C and D, the maximum emis-
sion wavelength of both tyrosine and tryptophan residues had
no discernable shift, inferring that the polarity and hydro-
phobicity around tryptophan and tyrosine residues in tyrosi-
nase did not conspicuously change after addition of DMY.**

REES, as a relative novel approach, was also used to evalu-
ate motions around tryptophan residues. It is defined as a
shift in the emission maximum toward a higher wavelength
due to a shift in the excitation wavelength toward the red edge
of the absorption band.>> When the tryptophan residues have
a limited ability to move and limited access to a polar solvent,
the REES may occur. As shown in Fig. 2E, the maximum emis-
sion of tyrosinase did not remarkably vary with the excitation
wavelength in the absence of DMY, indicating that tryptophan
residues in free tyrosinase were present in a fluid micro-
environment. However, the addition of DMY did not cause the
occurrence of REES, suggesting that DMY did not induce the
significant change of the microenvironment of tryptophan
residues in tyrosinase.**

(B)

1655

1545

Absorbance

1800 1700 1600 1500 1400
Wavenumbers/cm™

(D)
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B-antiparallel 8.9%
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Fig. 3 (A) The CD spectra of DMY-treated tyrosinase. c(tyrosinase) = 2.4 x 10~ mol L™* and the molar ratios of DMY to tyrosinase were 0:1, 1:8,
and 1: 4, respectively. (B) The FT-IR spectra of free tyrosinase (a) and difference spectra [[DMY-tyrosinase solution) — DMY solution] (b) in the region
of 1800-1400 cm™. c(tyrosinase) = 2.4 x 10~ mol L™, c(DMY) = 0.6 x 107® mol L™ . The curve-fitted amide | region of free tyrosinase (C) and its

DMY complex (D).
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CD spectra measurement was used to further estimate the
change of the tyrosinase secondary structure containing an
a-helix, a p-sheet, a p-turn, and a random coil. As shown in
Fig. 3A, the far-UV CD spectra of tyrosinase showed two nega-
tive CD bands at around 208 and 220 nm, which were charac-
teristics of the a-helix structure of protein.*® With the increas-
ing molar ratios of DMY to tyrosinase, the intensities of the
bands were decreased (shifting to zero levels). The secondary
structure information of tyrosinase was obtained by SELCON3
program. When the molar ratios of DMY to tyrosinase
increased from 0:1 to 1:8, 1:4, the contents of the a-helix
(from 32.8% to 29.2%, 27.1%) and the p-turn (from 19.2% to
15.8%, 15.7%) decreased, while the contents of the p-sheet
(from 22.3% to 25.9%, 27.8%) and the random coil (from
25.7% to 29.1%, 29.4%) increased, respectively. A similar
result was reported in the interaction of apigenin with poly-
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phenoloxidase.” It was concluded that the binding between
tyrosinase and DMY led to the unfolding of the constitutive poly-
peptides and decreased stability of the enzyme,” ultimately
resulting in a reduction in the catalytic activity of tyrosinase.

In order to further validate the conformational changes of
tyrosinase induced by DMY, FT-IR spectra were used to analyze
the binding of DMY to tyrosinase. The infrared spectra of
protein exhibited some amide bands, and among these amide
bands, the amide I band (1700-1600 cm™, mainly C=0
stretch) and amide II band (1600-1500 cm™', mainly C-N
stretch coupled with a N-H bending mode) are generally used
for the analysis of the chemical composition and secondary
structure of proteins.*® As shown in Fig. 3B, the peak position
of the amide I band altered from 1655 to 1650 cm™*, and the
amide II band moved from 1545 to 1543 cm™' upon the
addition of DMY, indicating that DMY interacted with the

(B)

(D)

Glu322

Arg321
HO
OH
1.97A
g Ala303
oH 0
Val283 21.941& . N
His85
Asn81
Cu
Cu 400 &

401

Fig. 4 (A) Cluster analyses of the AutoDock docking runs of DMY with tyrosinase. (B) Predicted binding mode of DMY docks into tyrosinase. The
green parts show the hydrophobic cavity of tyrosinase. (C) The corresponding secondary structures of tyrosinase in the presence of DMY (pink
carbons) are shown by a ribbon form. The light brown balls are copper atoms. The residues of tyrosinase are shown by the stick structure and the
yellow dashed lines stand for hydrogen bonds. (D) Analysis of the interaction between DMY and amino acids including hydrophobic and hydrophilic
residues around the active site of tyrosinase. Pink balls represent hydrophilic amino acids and yellow balls stand for hydrophobic amino acids.
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C=0O and C-N groups in the protein structure subunits,
leading to the rearrangement of the polypeptide carbonyl
hydrogen bonding pattern.’* The amide I band could be
divided and curve-fitted into five band ranges. The deconvo-
luted spectra showed that the peaks at 1655, 1672, 1689, 1637,
and 1618 cm™' were due to the o-helix, f-turn, p-antiparallel,
random coil, and f-sheet structures, respectively (Fig. 3C).
With the increasing molar ratios of DMY to tyrosinase (from
0:1 to 1:4), the position of the peaks slightly moved and the
contents of the a-helix and f-turn decreased from 30.6% to
28.4% and from 21.0% to 18.5%, while the p-antiparallel,
random coil, and B-sheet increased from 6.5% to 8.9%, from
26.7% to 27.5%, and from 15.2% to 16.7%, respectively
(Fig. 3D). These results were in accordance with the results
from CD spectra analysis, further validating that DMY may
cause the change of the secondary structure of tyrosinase,
resulting in the decrease of tyrosinase stability.

3.9. Molecular simulation

The crystal structure of tyrosinase includes four identical
parts,*® thus one of them was used as the crystal structure of
tyrosinase for computational docking analysis.'"* The cluster
analysis was carried out by a root-mean-square deviation
(rmsd) tolerance of 2.0 A (Fig. 4A). Based on the energy clus-
ters, the optimal binding mode with the lowest energy
(=2.62 kcal mol™) and the most frequent locus (red histo-
gram) was selected for further analysis. As shown in Fig. 4B,
DMY was found to insert into the hydrophobic cavity of tyrosi-
nase (green region) and is surrounded by amino acid residues
Ala80, Asn81, Thr324, Tyr78, His85, Glu322, Val283, and
Ala323 of tyrosinase. Among them, Ala80, Tyr78, Val283, and
Ala323 are the hydrophobic amino acids (Fig. 4D). Moreover,
three hydrogen bonds (yellow line) between DMY and the
amino acid residues were observed (Fig. 4C), the first one was
formed with the His85 residue (1.94 A), the second one was
generated with the Ala323 residue (1.97 A), and the last one
was formed with the Tyr78 residue (2.02 A). These results
suggested that the binding of DMY to tyrosinase may be driven
mainly by hydrophobic interactions and hydrogen bonds,
which was confirmed by the result of the above thermo-
dynamic analysis. Therefore, we may obtain some useful infor-
mation for DMY-induced inhibition to predict the binding site
in the active site pocket of tyrosinase through the molecular
simulation study.

4. Conclusions

In summary, DMY reversibly inhibited the activity of tyrosinase
in a mixed-type manner with an ICs, value of (3.66 + 0.14) x
107" mol L™" and a K; value of (8.97 + 0.45) x 10~> mol L.
The dietary vitamins Bg or E showed additive or subadditive
effects with DMY on the inhibition of tyrosinase in the studied
concentrations, while vitamin D; and DMY at the lower con-
centrations displayed a synergistic effect on the inhibition of
tyrosinase. DMY bound spontaneously into the active cavity of

This journal is © The Royal Society of Chemistry 2017
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tyrosinase to form a high-affinity DMY-tyrosinase complex
with one binding site, and the binding was mainly driven by
hydrophobic interactions and hydrogen bonds. The binding of
DMY to tyrosinase induced the rearrangement and unfolding
of the constitutive polypeptides of tyrosinase with reductions
in the o-helix and p-turn and increase in the f-sheet and
random coil structures. The molecular docking showed that
DMY inserted into the hydrophobic cavity and was surrounded
by amino acid residues Alag80, Asn81, Thr324, Tyr78, His85,
Glu322, Vval283, and Ala323 located within the active site
pocket of tyrosinase. Therefore, DMY could be a promising
tyrosinase inhibitor that may inhibit tyrosinase activity by
inserting into the active site of tyrosinase, occupying the
catalytic center of tyrosinase to hinder entrance of the sub-
strate and inducing conformational changes of the enzyme.
This study may provide new insights into the inhibition
mechanism of DMY on tyrosinase and valuable information
for the functional research of DMY in the supplementary treat-
ment of skin disorders associated with melanin deposition.
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