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The effects of a-arbutin on the monophenolase and diphenolase activities of mushroom tyrosinase were investigated. The
results showed that a-arbutin inhibited monophenolase activity but it activated diphenolase activity. For monophenolase
activity, 1Cso value was 4.5 mmol-L~' and 4.18 mmol-L™' of a-arbutin could extend the lag time from 40.5 s to 167.3 s.
Alpha- arbutin is proposed to be regarded as a triphenolic substrate by the enzyme during catalyzation, leading to the
suicide inactivation of the active site of tyrosinase. For diphenolase activity, a-arbutin acted as an activator and its activation
mechanism was mixed type activation. To reveal such activation, it should be mainly refered to the conformational changes
in tyrosinase caused by the interaction of a-arbutin with residues located at the entrance to the active site, and the decrease

Citation: Qin L, Wu Y, Liu Y, Chen Y, Zhang P (2014) Dual Effects of Alpha-Arbutin on Monophenolase and Diphenolase Activities of Mushroom Tyrosinase. PLoS

Received March 3, 2014; Accepted September 10, 2014; Published October 10, 2014

Copyright: © 2014 Qin et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors express our gratitude for financial support from Beijing Bioprocess Key Laboratory, Beijing University of Chemical Technology. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Tyrosinase (EC 1.14.18.1), also called polyphenol oxidase [1], is
a copper containing mixed-function enzyme. It is widely
distributed in animals, plants, fungi and microorganisms. Enzy-
matic browning in vegetables and fruits and the formation of the
melanin of skin, hair, and eye are caused by the activity of the
tyrosinase. Tyrosinase catalyzes two different reactions in the
presence of molecular oxygen: the hydroxylation of monophenol
(monophenolase activity) and the oxidation of o-diphenol to o-
quinone (diphenolase activity) [2-3]. The crystallographic struc-
ture of tyrosinase has been reported, and the active site of
tyrosinase is composed of six conserved histidine residues which
coordinate two copper ions, denoted Cuy and Cup [1,4].
Tyrosinase is the key enzyme during the formation of melanin
and melanin is effective in preventing skin injury by UV and it
plays a major role in formation of skin color [5-6]. However,
pigmentation disorders (melasma, freckles, senile lentigines, etc.)
will cause a serious esthetic problem in human beings and these
symptoms become eminent with aging [7]. It was reported that
mushroom tyrosinase can be inhibited by aromatic aldehydes [8],
aromatic acids [9], tropolone [10] and kojic acid [11] and
quercetin [12] and so on. Tyrosinase inhibitors have become
increasingly important in medicinal [13] and cosmetic [14]
products. Inhibition on the tyrosinase activity will contribute to
the treatment of the pigmentation of skin diseases and the
prevention of enzymatic browning of vegetables. Tyrosinase has
great potential for the production of various o-diphenols.
Diphenols as intermediates play important role in the synthesis
of pharmaceuticals, agrochemicals, flavors, polymerizationinhibi-
tors, and antioxidants [15-18]. However, the application of
tyrosinase for catechol synthesis has been restricted since its
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diphenolase activity is much greater than its monophenolase
activity [19].

Arbutin is well known to be added into cosmetics as whitening
ingredient and it also has many other functions, such as bactericidal
and anti-inflammatory effects. Inhibitory effect of a-arbutin on
tyrosinases from mushroom, B16 mouse melanoma and HMV-II
human melanoma cells has been investigated previously [20-22]. In
fact, tyrosinases can also be activated by many substances in crude
tissue preparation. It has been reported that the latent tyrosinase
from plant and insect sources can be activated by different
treatments or agents, such as SDS [23], fatty acids [24], alcohols
[25] and pathogen attack [26]. However, no reports about the dual
effects of a-arbutin on monophenolase and diphenolase activities of
mushroom tyrosinase have been published.

In this work, to obtain more detail information about the effects
of o-arbutin on mushroom tyrosinase, monophenolase and
diphenolase activities were studied, respectively. Activatory effect
of a-arbutin on diphenolase activity is unexpected, but finally we
found the breakthrough to explain this phenomenon. We analyzed
the dual effects on mushroom tyrosinase by a-arbutin from aspects
of suicide inactivation to reveal monophenolase inhibition and
conformational changes to illuminate diphenolase activation. The
study might guide significance for the design of new drugs in terms
of whitening agents and blackening agents, such as skin whitening,
hair blackening agent and so forth, and provide another way to the
treatment of pigment synthesis disorders.

Materials and Methods

1. Materials
Mushroom tyrosinase (EC 1.14.18.1, 8300 units/mg), Alpha-
arbutin were supplied by Sigma. Although mushroom tyrosinase
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differs somewhat from other sources and it contained several
isoforms that most of the enzyme is E,,., form and a small fraction
is present as Foy [27-28], it is used for study because of its ready
availability [29-30]. Protein concentrations were determined by
using Bradford’s method [31] using BSA as a standard. The
substrates used, L-Tyrosine and L-Dopa, were all from Sigma;
NaoHPO,, NaH;PO,, were of analytical grade (Beijing Chemical
Reagent Company, Beijing, China); DMSO (Dimethyl sulfoxide),
hydroquinone, methanol and acetic acid (HPLC grade, Sigma-
Aldrich, St. Louis, MO, USA); All other chemicals were of
analytical grade and supplied by Merck (Frankfurt, Germany).
Cary50 UV-visible spectrophotometer (Varian Co., UK); LC-
10ATVP HPLC (Shimadzu Co., Japan).

2. Methods

Ethics Statement: N/A.

2.1 Enzyme activity assay. The activities of monophenolase
and diphenolase were determined by measuring the rate of
dopachrome formation at 475 nm (£=3700 M~ '«cm™') with
Cary50 UV-visible spectrophotometer (Varian Company).The
assay was carried out in air-saturated solutions and freshly
prepared enzyme and substrate solutions were used in this study.
One unit (U) of enzymatic activity was defined as the amount of
enzyme increasing 0.001 absorbance-min™' at 475 nm. The
reaction was controlled under the temperature of 30°C and pH of
6.8 to stabilize dopachrome. Steady state rate was defined as the
slope of the linear range of dopachrome accumulation curve. And
the initial reaction velocity (mol-L.™'-min™") was calculated as
follows:

AC A4
V=TC=— (2.1)

AA=ExACx1 Txi

Where, A is absorbance value; ¢=3700 M~ "em™'; C is
solution concentration (mol-L™"); V' is initial reaction velocity
(mol-L ™ '*min™Y).

2.2 The determination of monophenolase activity and
diphenolase activity

L-Tyrosine and L-Dopa were used as the substrates to
determine the monophenolase activity and diphenolase activity,
respectively. In this method, the reaction media (3.0 mL)
contained 0.5 mM L-Tyrosine or L-Dopa in 50 mM phosphate
buffer (pH 6.8), a-arbutin solution (different concentrations) and
mushroom tyrosinase. The final concentration of mushroom
tyrosinase was 20.0 ug-mL ™" for the monophenolase activity and
6.67 ug'mL~" for the o-diphenolase activity. Firstly, 0.1 mL of
different concentrations of o-arbutin dissolved in 3% DMSO
(Dimethyl sulfoxide) solution was added into the test tube. Then,
2.8 mL substrate solution in NayHPO,-NaH,PO, buffer was
mixed. In condition of pH 6.8, the mixture, without enzyme of
mushroom tyrosinase, was incubated at 30°C for 10 min and the
reaction was initiated by the addition of enzyme. The assay was
carried out in air-saturated solutions and freshly prepared enzyme
and substrate solutions were used in this study. Tyrosinase is
known to catalyze a reaction between two substrates, a phenolic
compound (L-Dopa) and oxygen. Therefore, the effect of oxygen
concentration on these parameters is unknown.

According to the definition of enzyme activity, inhibition rate
(I %) of tyrosinase activity (monophenlase activity and diphenolase
activity) by o-arbutin was calculated as follows.
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A3 —A4

0= (1—
I%=(1 11—

) x 100 (2.2)

In the formula, A, is the system without o-arbutin; A, is the
system without o-arbutin and substrate; A5 is the system including
all solutions; A4 is the system without substrate but including o-
arbutin. If the inhibition rate was negative, it meant the tyrosinase
was activated. The activation rate (4 %) was the absolute value of
mhibition rate (I %).

2.3 The determination of kinetic parameters and kinetic
type

The inhibition type and kinetic constants were determined by
the plots of Lineweaver-Burk and changes of the constants (K,
apparent Michaelis constant of tyrosinase towards o-diphenol and

Vi, apparent maximum steady-state rate of tyrosinase towards o-
diphenol) of Michaelis-Menten (M-M) equation [32].

Results

1. Inhibitory effect of a-arbutin on monophenolase of
mushroom tyrosinase

The inhibitory effect of a-arbutin on monophenolase of
mushroom tyrosinase was investigated, and the reaction process
curve of catalyzing L-Tyrosine into dopachrome was shown in
Fig. 1. The result showed that the lag time of o-arbutin for
monophenolase activity was extended significantly, from 40.5 s to
167.3 s, with 4.18 mmol-L.™" a-arbutin. The system reached
steady state rate after the lag period. Inhibition of the enzyme by
a-arbutin was concentration-dependent as shown in Fig. 2. The
enzyme activity, which was the slope of the linear range of the
kinetic curve, was reduced with the concentration of o-arbutin
increasing in the reaction system. When the concentration of o-
arbutin reached to 4.5 mmol-L™ ", the relative enzyme activity was
determined to be 50%, which meant the inhibition rate (IC5) of a-
arbutin on monophenolase was 4.5 mmol-L™'. So the results
illustrated that inhibition effect of a-arbutin on monophenolase of
mushroom tyrosinase was to extend the lag time and reduce the
enzyme activity in the steady state.

2. Activatory effect of a-arbutin on diphenolase of
mushroom tyrosinase

The activity of diphenolase of mushroom tyrosinase used L-
Dopa as substrate was investigated. The course of enzyme reaction
was shown in Fig. 3. It showed that a-arbutin had activated effect
on the diophenolase activity of mushroom tyrosinase. When the
catalyzed reaction system contained o-arbutin, the synthesis of
dopachrome was promoted. Initially, the activation rate increased
by increasing the concentration of o-arbutin, but when the
concentration of o-arbutin reachd a certain value (at around
2.5 mmol-L™"), the activation rate was steady. That means, o-
arbutin plays an activator in the reaction of catalyzing L-Dopa
into dopachrome by diphenolase.

3. Determination of the kinetic parameters and kinetic
type of a-arbutin on diphenolase

The kinetic of mushroom tyrosinase during the oxidation of L-
Dopa was studied. Under the condition employed in the present
investigation, the oxidation reaction of L-Dopa by mushroom
tyrosinase follows Michaelis-Menten kinetics. In the reaction
system, we kept constant final concentrations of enzyme and L-
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Figure 1. Progress curves for the inhibition of monophenolase of mushroom tyrosinase by a-arbutin at 30°C. The reaction media
(3.0 mL) contained 0.5 mM L-tyrosine in 50 mM phosphate buffer (pH 6.8), the indicated concentration of a-arbutin, and mushroom tyrosinase
(20 pg/mL). The concentrations of a-arbutin for curves 1~4 were 0, 1.67, 3.34, 4.18 mmol-L~". The reaction was started by the addition of the

enzyme.
doi:10.1371/journal.pone.0109398.g001

Dopa, changed the concentration of a-arbutin to get the progress
curve (Fig. 4). The results showed that, there was no lag time for o-
arbutin on diphenolase activity.

Furthermore, we kept constant final concentration of enzyme,
changed the concentration of L-Dopa to measure effects of
different concentrations of o-arbutin on diphenolase activity.

Kinetic parameters for the diphenolase activity of mushroom
tyrosinase were shown in Fig. 5 as Lineweaver-Burk plot.

The initial reaction velocity could be calculated by formula 2.1.
And changes of the constants (K,,, and V,,,) of Michaelis-Menten
(M-M) equation could be determined through the plots of
Lineweaver-Burk, to determine the kinetic type.
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Figure 2. Effects of a-arbutin on the enzyme activity and the lag time of monophenolase activity of mushroom tyrosinase. Assay
conditions: 3.0 ml 50 mM phosphate buffer pH 6.8, containing 0.5 mM L-tyrosine. The reaction was started by the addition of the enzyme (20 nug/

mL).
doi:10.1371/journal.pone.0109398.9g002
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Figure 3. Activation rate of diphenolase of mushroom tyrosinase by a-arbutin. Assay conditions: 3.0 ml 50 mM phosphate buffer pH 6.8,
containing 0.5 mM L-Dopa, different concentrations of a-arbutin and mushroom tyrosinase (6.67 pg/mL).

doi:10.1371/journal.pone.0109398.g003

Kinetic parametes of diphenolase by a-arbutin were shown in
Table 1, it showed that K,,, decreased and V,, increased as the
increasing of o-arbutin concentration, which illustrated that the
affinity between diphenolase and o-arbutin. Therefore, we
concluded that o-arbutin acted as an activator on diphenolase
activity and its activation mechanism was a competitive-uncom-
petitive mixed activation type.
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Discussion

From the experimental results above,there is an interesting
phenomenon that o-arbutin presents dual effects on monopheno-
lase and diphenolase activities of mushroom tyrosinase. For the
monophenolase reaction, o-arbutin acted as an inhibitor for the
reduction of the enzyme activity in the steady state and there was
one characteristic of a lag period during oxidation of tyrosine and
the lag time was extended significantly with the increasing
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Figure 4. Progress curves for the activation of diphenolase of mushroom tyrosinase by a-arbutin. The reaction media (3.0 mL) contained
0.5 mM L-Dopa in 50 mM phosphate buffer (pH 6.8), the indicated concentration of a-arbutin, and mushroom tyrosinase (6.67 pug/mL). The

concentrations of a-arbutin for curves 1~3 were 0, 5, 10 mmol-L™".
doi:10.1371/journal.pone.0109398.g004
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Figure 5. Lineweaver-Burk plots for activation of a-arbutin on mushroom tyrosinase for the catalysis of L-Dopa at 30°C, pH 6.8. The
reaction media (3.0 mL) contained 50 mM phosphate buffer (pH 6.8), different concentrations of L-Dopa assubstrate,different concentrations of a-
arbutin and mushroom tyrosinase (6.67 pug/mL). Concentrations of a-arbutin for curves 1~3 were 0, 5, 10 mmol-L~, respectively.

doi:10.1371/journal.pone.0109398.g005

concentration of o-arbutin. To reveal these, it should be refered to
the suicide inactivation of the active site of tyrosinase by o-arbutin.
Tyrosinase undergoes an inactivation process when it reacts with
its phenolic substrate, a phenomenon that has long been known in
the case of enzymes from a variety of natural sources, including
fungi, plants and animals [33-35]. The active site of tyrosinase
contains two copper atoms and the enzyme can occur in three
forms: oxy-tyrosinase, the only form reacts with monophenol;
deoxy-tyrosinase, binds dioxygen to form oxy-tyrosinase; met-
tyrosinase, cannot bind oxygen but is reduced to deoxy-tyrosinase
by catechols. To date, three mechanisms have been proposed to
explain this inactivation: (i) an attack by the o-quinone product on
a sensitive nucleophilic group near the active site [36], (i) free
radical attack on the active site by the reactive oxygen species
generated during the processs of oxidation [35], and (1) a
mechanism that tyrosinase regards the catechol substrate as a
cresol at the active site, ‘cresolase presentation’. This leads to the
catechol being oxidized to form a product able to undergo
deprotonation and reductive elimination, resulting in inactivation
of the enzyme through releasing copper(0) at the active site [37]. It
was reported that the enzyme obtained after purification, is found
to be a mixture of > 85% met and <15% oxy forms [38]. Native

Table 1. Kinetic parametes of diphenolase by a-arbutin.

tyrosinase occurs mainly as met-tyrosinase, which cannot oxidise
phenols, e.g. tyrosine, and needs to be reduced to deoxy-tyrosinase
by a catechol before phenol oxidation can begin [39]. This
activating catecholic substrate is generated indirectly by fast redox
exchange of dopaquinone formed slowly by the small amount of
oxy-tyrosine present in native tyrosinase. The lag period ends
when all the enzyme has been activated by this indirect and
relatively slow non-enzymatic formation of dopa [40-41]. A
previous work showed that all o-diphenols and triphenols are
suicide substrates of tyrosinase, the most potent being pyrogallol
[42]. From the chemical structure, arbutin and triphenol have
similarities. Moreover, previous study have shown that L-ascorbic
acid and D-ascorbic acid (Chemical structure of ascorbic acid is
shown in Fig. 6) behave like a suicide substrate when tyrosinase
acts on them in aerobic conditions [43]. When the a-arbutin was
added to the reaction system in aerobic condition, mushroom
tyrosinase was proposed to regard o-arbutin as analogue of
triphenol, which was a suicide substrate for the tyrosinase.
However, the reaction between oxy-tyrosinase and triphenol does
not lead to inactivation of all oxy-tyrosinase, there is a partition
ratio between the catalytic and the inactivation pathways [42,44].
On the one hand, under aerobic conditions, the enzymatic form

Calmmol-L™") L-B equation Km(mmol-L™") Vp(mmol-L 'min™")
0 1ol o136 3922 06510
v [S]
0.76 1:2'410L+1-374 1.754 0.7278
v (S]
1.52 1114814L+1.231 1.474 0.8123
v 5]

doi:10.1371/journal.pone.0109398.t001
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E,x (oxy-tyrosinase) is responsible for such enzymatic inactivation
[44]. On the other hand, tyrosine substrate can only react with
oxy-tyrosinase. So, it was proposed that the suicidal inactivation by
a-arbutin would cause decreased concentration and activity of the
small amount of oxy-tyrosinase present in tyrosinase. Such,with
increasing concentration of o-arbutin, it showed inhibition of
monophenolase activity of mushroom tyrosinase, and led to an
increase in the lag time, meanwhile. Furthermore, the lag time is
dependent on various factors such as substrate and enzyme
concentration, enzyme source, pH of the medium, presence of a
hydrogen donor such as L-dopa or other catechols and transition
metal ions [45].

For the diphenolase activity, o-arbutin acted as an activator and
there was no lag period during oxidation of L-Dopa. Since both
the oxy-tyrosinase and met-tyrosinase can react with catechol(such
as L-Dopa), there is no lag time during the diophenolase activity of
mushroom tyrosinase. Although the suicidal inactivation of the
oxy-tyrosinase will occur for the addition of a-arbutin, there is only
a relatively small portion of the oxy-tyrosinase inactivation.
Compared with the activation of tyrosinase by o-arbutin, suicide
inactivation of oxy-tyrosinase appears to be negligible during the
diphenolase activity. But why o-arbutin could activate the
mushroom tyrosinase during the oxidation of L-Dopa. It was

References

1. Sanchez-Ferrer A, Neptuno Rodriguez-Lopez ], Garcia-Canovas F, Garcia-
Carmona F (1995) Tyrosinase: a comprehensive review of its mechanism. BBA-
Protein Struct M 1247(1): 1-11.

2. Burton SG (2003) Oxidizing enzymes as biocatalysts. Trends Biotechnol 21(12):
543-549.

3. Matoba Y, Kumagai T, Yamamoto A, Yoshitsu H, Sugiyama M (2006)
Crystallographic evidence that the dinuclear copper center of tyrosinase is
flexible during catalysis. J Biol Chem 281(13): 8981-8990.

4. Decker H, Schweikardt T, Nillius D, Salzbrunn U, Jaenicke E, et al. (2007)
Similar enzyme activation and catalysis in hemocyanins and tyrosinases. Gene
398: 183-191.

5. Korner A, Pawelek J (1982) Mammalian tyrosinase catalyzes three reactions in
the biosynthesis of melanin. Science 217(4565): 1163-1165.

6. Taylor SC (2002) Skin of color: biology, structure, function, and implications for
dermatologic disease. ] Am Acad Dermatol 46(2): S41-S62.

7. Priestly GC (1993) Molecular Aspects of Dermatology (Vol. 3). Chichester:
Wiley & Sons Inc.

8. Jiménez M, Chazarra S, Escribano J, Cabanes J, Garcia-Carmona F (2001)
Competitive inhibition of mushroom tyrosinase by 4-substituted benzaldehydes.
J Agr Food Chem 49(8): 4060-4063.

9. Robert C, Rouch C, Cadet F (1997) Inhibition of palmito (Acanthophoenix
rubra) polyphenol oxidase by carboxylic acids. Food Chem 59(3): 355-360.

10. Espin JC, Wichers HJ (1999) Slow-binding inhibition of mushroom (Agaricus b
isporus) tyrosinase isoforms by tropolone. J Agr Food Chem 47(7): 2638-2644.

11. Kahn V, Ben-Shalom N, Zakin V (1997) Effect of kojic acid on the oxidation of
N-acetyldopamine by mushroom tyrosinase. J Agr Food Chem 45(11): 4460
4465.

12. Kubo I, Kinst-Hori I (1999) Flavonols from saffron flower: tyrosinase inhibitory
activity and inhibition mechanism. J Agr Food Chem 47(10): 4121-4125.

13. Mosher DB, Pathak MA, Fitzpatrick TB (1983) Vitiligo, etiology, pathogenesis,
diagnosis, and treatment. In Fitzpatrick TB, Eisen AZ, Wolff K, Freedberg IM,

PLOS ONE | www.plosone.org

Alpha-Arbutin and Mushroom Tyrosinase

proposed that o-arbutin induces a conformational change in
normal tyrosinase, which not only makes the binding of L-Dopa to
the enzyme more effective, but also greatly increases the velocity of
its transformation. Monod et al. first presented the word of
allosteric to illurstrate the effect of non-substrate-like molecules on
enzyme activity, which cause cooperativity between the subunits of
an enzyme [46]. Although conformational flexibility of enzymes is
reported to be the main point for cooperation, allostery
phenomena of many allosteric enzymes are different from each
other [47]. As we know, sodium dodecyl sulphate (SDS) is an
anionic detergent that inactivates most enzymes. In contrast,
tyrosinase and other type 3 copper proteins have been shown to be
activated by SDS and it was found to involve changes in the
protein tertiary structure [48]. Inaddition previous studies showed
that both methionine residues are essential for diphenolase activity
[49]. Possibly, by participating in hydrophobic interactions with
the aromatic ring of L-dopa, these residues contribute to the
“correct” orientation of the substrate in the binding site and
decrease the effect of suicide inactivation [50-51]. It seems that,
the activation of diphenolase activity is due to the interaction of o-
arbutin with residues located at the entrance to the active site and
the decrease of the effect of suicide inactivation.

Acknowledgments

The authors thank Dr. Qipeng Yuan for invaluable discussions and for
providing language help and Dr. Guojun Zheng for technical assistance
with the experiments and all members of our lab for their encouragement
and support.

The authors express our gratitude for financial support from Beijing
Bioprocess Key Laboratory, Beijing University of Chemical Technology.

Author Contributions

Conceived and designed the experiments: LQ PZ. Performed the
experiments: LQ YW YL. Analyzed the data: LQ YW YL. Contributed
reagents/materials/analysis tools: YC PZ. Wrote the paper: LQ).

Austen KF, Editors. Update: Dermatology in General Medicine. New York:
McGraw-Hill. pp: 205-225.

14. Maeda K, Fukuda M (1991) In vitro effectiveness of several whitening cosmetic
components in human melanocytes. J Soc Cosmet Chem 42: 361-368.

15. Halaouli S, Asther M, Sigoillot JC, Hamdi M, Lomascolo A (2006) Fungal
tyrosinases: new prospects in molecular characteristics, bioengineering and
biotechnological applications. J Appl Microbiol 100(2): 219-232.

16. Kawamura-Konishi Y, Tsuji M, Hatana S, Asanuma M, Kakuta D, et al. (2007)
Purification, characterization, and molecular cloning of tyrosinase from Pholiota
nameko. Biosci Biotechnol Biochem 71: 1752-1760.

17. Nolan LC, O’Connor KE (2007) Use of Pseudomonas mendocina, or
recombinant Escherichia coli cells expressing toluene-4-monooxygenase, and a
cell-free tyrosinase for the synthesis of 4-fluorocatechol from fluorobenzene.
Biotechnol Lett 29(7): 1045-1050.

18. Wang G, Aazaz A, Peng Z, Shen P (2000) Cloning and overexpression of a
tyrosinase gene mel from Pseudomonas maltophila. FEMS Microbiol Lett
185(1): 23-27.

19. Hernandez-Romero D, Sanchez-Amat A, Solano F (2006) A tyrosinase with an
abnormally high tyrosine hydroxylase/dopa oxidase ratio. FEBS J 273(2): 257
270.

20. Sugimoto K, Nishimura T, Nomura K, Sugimoto K, Kuriki T (2003) Syntheses
of arbutin-alpha-glycosides and a comparison of their inhibitory effects with
those of alpha-arbutin and arbutin on human tyrosinase. Chem Pharm Bull
(Tokyo) 51: 798-801.

21. Funayama M, Arakawa H, Yamamoto R, Nishino T, Shin T, et al. (1995)
Effects of alpha-and beta-arbutin on activity of tyrosinases from mushroom and
mouse melanoma. Biosci Biotech Biochem 59(1): 143-144.

22. Nishimura T, Kometani T, Okada S, Ueno N, Yamamoto T (1995) Inhibitory
effects of hydroquinone-alpha-glucoside on melanin synthesis. Yakugaku Zasshi
115(8): 626-632.

23. Jiménez M, Garcia-Carmona F (1996) The effect of sodium dodecyl sulphate on
polyphenol oxidase. Phytochem 42(6): 1503-1509.

October 2014 | Volume 9 | Issue 10 | €109398



26.

27.

28.

29.

30.

31.

36.

37.

. Jime¢nez-Cervantes C, Gara¢a-Borro¢n JC, Lozano JA, Solano F (1995) Effect

of detergents and endogenous lipids on the activity and properties of tyrosinase
and its related proteins. Biochim Biophys Acta 1243: 421-430.

. Asada N, Fukumitsu T, Fujimoto K, Masuda K (1993) Activation of pro-

phenoloxidase with 2-propanol and other organic compounds in Drosophila
melanogaster. Insect Biochem Mol Biol 23: 515-520.

Soler-Rivas C, Arpin N, Olivier JM, Wichers HJ (1997) Activation of tyrosinase
in Agaricus bisporus strains following infection by Pseudomonas tolaasii or
treatment with a tolaasin-containing preparation. Mycol Res 101(3): 375-382.

Ros-Martinez JR, Rodriguez-Lopez JN, Castellanos RV, Garcia-Canovas F
(1993) Discrimination between two kinetic mechanisms for the monophenolase
activity of tyrosinase. Biochem J 294(Pt 2): 621-623.

Solomon EI, Sundaram UM, Machonkin TE (1996) Multicopper oxidases and
oxygenases. Chem Rev 96(7): 2563-2606.

Xie LP, Chen QX, Huang H, Liu XD, Chen HT, et al. (2003) Inhibitory effects
of cupferron on the monophenolase and diphenolase activity of mushroom
tyrosinase. Int J Biochem Cell B 35(12): 1658-1666.

Chen QX, Kubo I (2002) Kinetics of mushroom tyrosinase inhibition by
quercetin. J Agri Food Chem 50(14): 4108-4112.

Bradford MM (1976) A rapid and sensitive method for the quantification of
microgram quantities of proteins utilizing the principle of protein-dye binding.

Anal Biochem 72: 248-256.

. Robb DA (1984) Tyrosinase. In: Lontie R, editor. Copper Proteins and Copper

Enzymes: Vol. II. Boca Raton: CRC Press. pp: 207-240.

. Asimov I, Dawson CR (1950) On the reaction inactivation of tyrosinase during

the aerobic oxidation of catechol. J] Am Chem Soc 72: 820-828.

. Tomita Y, Seiji M (1977) Inactivation mechanism of tyrosinase in mouse

melanoma. Dermatol 4:245-249.

Seiji M, Sasaki M, Tomita Y (1978) Nature of tyrosinase inactivation in
melanosomes. Tohoku J Exp Med 125: 233-245.

Ingraham LL, Corse J, Makower B (1952) Enzymatic browning of fruits. 3.
Kinetics of the reaction inactivation of polyphenol oxidase. ] Am Chem Soc 74:
2623-2626.

Land EJ, Ramsden CA, Riley PA (2007) The mechanism of suicide-inactivation
of tyrosinase: a substrate structure investigation. Tohoku J Exp Med 212: 341—
348.

PLOS ONE | www.plosone.org

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

51.

Alpha-Arbutin and Mushroom Tyrosinase

Jolley RL, Evans LH, Makino N, Mason HS (1974) Oxytyrosinase. ] Biol Chem
249(2): 335-345.

Lerch K (1981) Metal ions in Biological Systems: Vol. 13. In: Sigel H, editor.
Marcel Decker: New York. pp: 143-186.

Cooksey CJ, Garratt PJ, Land EJ, Pavel S, Ramsden CA, et al. (1997) Evidence
of the indirect formation of the catecholic intermediate substrate responsible for
the autoactivation kinetics of tyrosinase. ] Biol Chem 272(42): 26226-26235.
Land EJ, Ramsden CA, Riley PA (2003) Tyrosinase autoactivation and the
chemistry of ortho-quinone amines. Accounts Chem Res 36(5): 300-308.
Munoz-Munoz J, Garcia-Molina F, Garcia-Ruiz P, Molina-Alarcon M, Tudela
J, et al. (2008) Phenolic substrates and suicide inactivation of tyrosinase: kinetics
and mechanism. Biochem 416: 431-440.

Munoz-Munoz JL, Garcia-Molina F, Garcia-Ruiz PA, Varon R, Tudela J, et al.
(2009) Stereospecific inactivation of tyrosinase by L-and D-ascorbic acid. BBA-
Proteins Proteom 1794(2): 244-253.

Muiioz-Muinoz JL, Acosta-Motos JR, Garcia-Molina F, Varon R, Garcia-Ruiz
PA, et al. (2010) Tyrosinase inactivation in its action on dopa. BBA-Proteins
Proteom 1804(7): 1467-1475.

. Burton SG (1994) Biocatalysis with polyphenol oxidase: a review. Catal Today

22(3): 459-487.

Monod J, Changeux JP, Jacob I (1963) Allosteric proteins and cellular control
systems. J Mol Biol 6(4): 306-329.

Cornish-Bowden A (1995) Fundamentals of Enzyme Kinetics. London: Portland
Press. 203-237 p.

Goldfeder M, Egozy M, Ben-Yosef VS, Adir N, Fishman A (2013) Changes in
tyrosinase specificity by ionic liquids and sodium dodecyl sulfate. Appl Microbiol
Biot 97(5): 1953-1961.

Kanteev M, Goldfeder M, Chojnacki M, Adir N, Fishman A (2013) The
mechanism of copper uptake by tyrosinase from Bacillus megaterium. J Biol
Inorg Chem 18(8): 895-903.

. Ramsden CA, Riley PA (2010) Mechanistic studies of tyrosinase suicide

inactivation. ARKIVOC: 1: 260-274.

Muiioz-Mufioz JL, Garcia-Molina F, Varon R, Garcia-Ruiz PA, Tudela J, et al.
(2010) Suicide inactivation of the diphenolase and monophenolase activities of
tyrosinase. [UBMB Life 62(7): 539-547.

October 2014 | Volume 9 | Issue 10 | €109398



