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ABSTRACT
Targeting tyrosinase is considered to be an effective way to control the production
of melanin. Tyrosinase inhibitor is anticipated to provide new therapy to prevent
skin pigmentation, melanoma and neurodegenerative diseases. Herein, we report our
results in identifying new tyrosinase inhibitors. The shape-based virtual screening
was performed to discover new tyrosinase inhibitors. Thirteen potential hits derived
from virtual screening were tested by biological determinations. Compound 5186-0429
exhibited the most potent inhibitory activity. It dose-dependently inhibited the activity
of tyrosinase, with the IC50 values 6.2 ± 2.0 µM and 10.3 ± 5.4 µM on tyrosine and
L-Dopa formation, respectively. The kinetic study of 5186-0429 demonstrated that this
compound acted as a competitive inhibitor. We believe the discoveries here could serve
as a good starting point for further design of potent tyrosinase inhibitor.

Subjects Biochemistry, Pharmacology, Computational Science
Keywords Tyrosinase inhibitor, Molecular shape, Hit identification

INTRODUCTION
Melanogenesis is a physiological melanin-producing process. The final product of
melanogenesis, melanin, which is the pigment produced by epidermis melanocytes, is
the main determining factor of pigmentation of human eyes and skin (Hassan et al., 2017;
Pillaiyar, Manickam & Jung, 2015; Saeed et al., 2017). Under normal physiological states,
melanin is primarily responsible for protecting skin against damaging effects of ultraviolet
radiation (Abbas et al., 2017a; Costin & Hearing, 2007). Besides, melanin is considered
to be the main determinant of skin color (Pillaiyar, Manickam & Namasivayam, 2017).
Melanogenesis is a complex synthetic process involving a series of chemical catalyzed
and enzymatic reactions (Hassan et al., 2016). Among them, tyrosinase is a well-known
enzyme acting as the limiting step in melanogenesis (Wang et al., 2016). It catalyzes the
hydroxylation of tyrosine (L-Tyr) to form 3,4-dihydroxyphenylalanine (L-Dopa), which
can be subsequently oxidized to form o-dopaquinone (Ferro et al., 2017). Further oxidation
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and reduction steps lead to the production of melanin pigments, such as pheomelanin and
eumelanin (Khatib et al., 2007). Although themelanin serves as amajor defensemechanism
against UV light in human skin, excessive melanin production and accumulation of
epidermal pigmentation can cause various hyperpigmentation disorders, including senile
lentigines, freckles, ephelide and melisma (Abbas et al., 2017b; Solano et al., 2006; Unver
et al., 2006). Moreover, it was recently demonstrated that tyrosinase is involved in the
biosynthesis of neuromelanin in nigrostriatal dopamine neurons of the central nervous
system (CNS) (Vontzalidou et al., 2012). Overexpression of tyrosinase leads to the massive
oxidation of L-Dopa and dopamine into dopaquinone and dopamine quinone, both
of which are found to result in neuronal damage and cell death, linking tyrosinase to
neurodegenerative diseases, especially Parkinson’s disease (PD) (Tessari et al., 2008).

Due to the critical role of tyrosinase in the melanogenesis process, it becomes an
attractive target for medicinal chemists to develop inhibitors applied in cosmetics and
pharmacological therapy (Larik et al., 2017). Recently, different research groups have
engaged in the discovery of tyrosinase inhibitors, and several new types of molecules were
disclosed (Ashraf et al., 2015; Choi et al., 2014; Haudecoeur et al., 2017;Mojzych et al., 2017;
Park et al., 2013; Ruzza et al., 2016; Tan et al., 2016; Wang et al., 2016; Wu et al., 2017; You
et al., 2015). These findings provide opportunity for the subsequentmedicinal optimization.
However, these active compounds, many of which are derived from natural products,
are usually limited by low activity, poor target selectivity, unsatisfied physicochemical
properties, or difficulty in availability. Therefore, identification of new tyrosinase inhibitors
with synthetic scaffold is an attractive and challenging task for medicinal chemists. Herein,
we disclose our recent findings in the identification of new small molecule tyrosinase
inhibitors by using the ensemble-based virtual screening method.

EXPERIMENTAL METHODS
Creation of the ROCS overlays and the validation
Shape-based overlays used in further virtual screening were generated by using Rapid
Overlay of Chemical Structures (ROCS). Neorauflavane was used as template molecule
(Tan et al., 2016). The underlying idea of the algorithm is that different compounds could
share similar molecular shapes if they can overlay well and any mismatch in volume is
from the dissimilarity in shapes (Kirchmair et al., 2007). ROCS maximizes the rigid body
overlap of the molecular Gaussian functions and resulting in the shared volume between a
query molecule and a conformation of a database molecule (Zhou et al., 2008). A smooth
Gaussian function is employed to determine the molecular volume and serve for the
superimposition of molecules. Following that, chemical functionalities are simply aligned
and matched for the overlay of molecules. Briefly, the ROCS color force field assigns
six types of chemical features such as hydrogen bond acceptor, hydrogen bond donor,
hydrophobes, cations, anions and rings to one molecule by spatial arrangement (Xue et al.,
2016). The combo score ranges from 0∼2, the higher the score is, the more similar of a
given compound is to neorauflavane.
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Virtual screening of the database
Virtual screenings were then performed on the basis of the query overlay of neorauflavane
using ROCS. The following parameters were set for the run of ROCS: rankby= combo and
besthits = 1. During the screening, ROCS compares database compounds and the control
molecular by aligning the compounds and calculating the similarities including their
volumes and chemical features. The similarity is evaluated and represented by a combo
score, ranging from 0 to 2. With combo score close to 2, molecules have an excellent shape
and chemical-feature match, while value close to 0 implies poor shape and chemical-feature
similarities. Chemdiv and Specs compound collections with 315,000 compounds were
screened by this model (Kirchmair et al., 2009). Finally, 13 compounds were retained and
purchased from Topscience database with purity >95% (Liquid chromatography–mass
spectrometry, LC-MS).

In vitro tyrosinase inhibition assay
The assay followed the method ofMasamoto et al. (2003) with slight modifications. Briefly,
mushroom tyrosinase (T3824), L-tyrosine (91515), L-Dopa (D9628) were purchased from
Sigma-Aldrich (Shanghai, China). (It is worth noting that, as no human tyrosinase can be
obtained from commercial resources, we here used mushroom tyrosinase as a substitution,
like many excellent studies do (Ashraf et al., 2015; Larik et al., 2017; Masamoto et al., 2003;
Saeed et al., 2017). Although the entire structure of mushroom tyrosinase is different from
human-origin tyrosinase, the catalytic sites of both two kinds of tyrosinase are very similar.)
Aliquots (5 µL) of test compounds at various concentrations (10−11∼10−4 M, dissolved in
methanol and diluted by water) were mixed with 50 µL of L-tyrosine or L-Dopa solution
(1.25 mM, prepared in water) respectively, 90 µL of sodium phosphate buffer solution
(0.05 M, pH 6.8) and preincubated at 25 ◦C for 10 min. Then a 5 µL aqueous solution
of mushroom tyrosinase (333 U/mL) was added into the mixture. The absorbance at 475
nm was measured after 30 or 5 min of incubation time of the reaction mixture containing
L-tyrosine or L-Dopa, respectively (Masamoto, Lida & Kubo, 1980) The inhibitory activity
of samples is expressed as inhibition percentage and calculated as follows: Inhibition %
= {[(A−B)− (C−D)]/A−B}∗100 (A: Abs of phosphate buffer and enzyme; B: Abs of
phosphate buffer; C: Abs of phosphate buffer, test sample and enzyme; D: Abs of phosphate
buffer and test sample.). All inhibitory experiments were carried out in parallel triplicate
and averaged. Calculation of the IC50 values was performed with Graph Pad Prism 5.0.
Kojic acid was used as standard inhibitors for this experiment.

Kinetic study
Kinetic measurements were performed in the same manner, while the substrate L-Dopa
was used in concentrations of 39.1, 78.2, 156.3, 312.5, and 625 µM for each test compound
concentration (0, 1.25, 2.5, 5, and 10 µM). The enzymatic reaction was set to 7 min before
the absorption was measured. Vmax and Km values (for Michaelis–Menten kinetics) were
obtained with Graph Pad Prism 5.0 from the nonlinear regression of substrate-velocity
curves (Table 1). Linear regression was obtained as Lineweaver-Burk plots of 1/V versus
1/[S], giving diverse slopes (You et al., 2015).
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Table 1 Vmax andKm values for each test compound concentration.

Concentration,µM Vmax,µMmin−1 mg−1 Km,µM

10 49.16 114.8
5 46.53 195.2
2.5 51.31 223.8
1.25 45.09 231.9
0 56.15 232.9

Cell viability
Cell viability was quantified by colorimetric MTT assay by measuring mitochondrial
activity in living cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
(MTT; Sigma) was used to evaluate cytotoxicity of 5186-0429 on B16F10 melanoma
cells. MTT could be transformed into MTT-formazan crystal by mitochondrial enzyme
(Tada et al., 1986). Cells were firstly seeded into a 96-well culture plates at a density of
5×104. 5186-0429was diluted with DMEM containing 1% fetal bovine serum (FBS; Gibco,
Carlsbad, CA) and applied to the 96-well culture plates with B16F10 cells. Cells were allowed
to adhere after 24 h. Then the culture medium was replaced by fresh serum-free DMEM.
MTT was prepared at 5 mg/ml in phosphate-buffered saline (PBS). 500 µl of MTT stock
solution were added into each well, and the plate was incubated at 37 ◦C for 4 h. After that,
PBS was removed. To each well, 500 µL of EtOH-DMSO (V : V = 1:1 mixture solution)
was added to dissolve formazan (Park et al., 2013). After 10 min, the absorbance of the
colored solution was carried out spectrophotometrically with a wavelength of 560 nm filter.

Molecular docking
The molecular docking study was conducted in Discovery Studio 3.0 with CDOCKER
module. The docking procedures are summarized as following. To begin with, ligand
‘‘seeds’’ were created by CDOCKER and used to occupy the binding pocket. Molecular
dynamics (MD) with high temperature is then applied to each generated seed by using a
modified CHARMm force field. After that, the aquired structures are completelyminimized
under the same forcefield. Furthermore, based on the positions and conformations, the
solutions are clustered and ranked by energy. The crystal structure of Agaricus Bisporus
mushroom tyrosinase bound with tropolone (PDB id: 2Y9X) was adopted for docking
study. Residues around the tropolone of tyrosinase (radius= 6 Å) were chosen to construct
the binding sites. The heating and cooling steps were both set to 5000, while the temperature
was kept at 310. Default setting were used for other parameters.

RESULTS
Creation of the ROCS overlays and the validation
The virtual screening was initiated by a shape-based screening by using ROCS methods.
ROCS is a well-known virtual screening program using shape comparison application and
gaussian scoring function (Kirchmair et al., 2009). After searching the recently published
references, a natural product, neorauflavane (Tan et al., 2016) (Fig. 1A), was selected as the
reference compound when generating the shape-based screening model. As neorauflavane
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Figure 1 (A) The structure of neorauflavane. (B) The shape-based screening model for the identifica-
tion of new tyrosinase inhibitors.

Full-size DOI: 10.7717/peerj.4206/fig-1

was one of the most active tyrosinase inhibitors published in the references (IC50 values of
0.03 ± 0.006 µM and 0.5±0.03 µM on L-Tyr and L-Dopa, respectively), we concluded
that screening hits with similar molecular shape to neorauflavane may have good tyrosinase
inhibitory effects.
The shape-based model was shown in Fig. 1B. The shape of neorauflavane was displayed in
light yellow shadow. The tricyclic core of neorauflavane was defined by three adjacent ring
features. The two oxygen atoms on the tricyclic core, and the oxygen atom of methoxyl
group, provided three hydrogen-bond acceptor features. The gem-dimethyl group served
as a hydrophobe. The resorcinol moiety supplied one ring feature, two hydrogen-bond
acceptor features and two hydrogen-bond donor features.

Virtual screening of the database and in vitro tyrosinase Inhibition
Assay
The shape-based model was applied in the virtual screening of commercial compound
libraries including Chemdiv and Specs with a collection of 315,000 compounds. The
similarity in molecular shape between the screened compounds and neorauflavane was
evaluated by the combo score method, which consisted of the shape Tanimoto coefficient
and the score retrieved from the ROCS color force field, which stand for the structural
complementarity between the template and the screened molecules. Finally, 13 compounds
(Fig. 2) were purchased from Topscience cooperation and initially screened for their
tyrosinase inhibitory rate (IR) under the concentration of 10 µM (Ferro et al., 2017; You
et al., 2015). Kojic acid was used as positive control. Among them, three compounds,
3253-1775, 5186-0429 and 3720-3263, exhibited over 40% inhibitory efficiency on L-Tyr
oxidation, while only 5186-0429 showed IR over 40% on L-Dopa oxidation (Figs. 3A &
3B). Besides, 5186-0429 was the most potent compound in the initial screen (Table 2);
therefore, it was further evaluated for the IC50 value. According to the results, 5186-
0429 dose-dependently inhibited the activity of tyrosinase (Fig. 3C), with IC50 values
of 6.2±2.0 µM (R2

= 0.9711) and 10.3±5.4 µM (R2
= 0.9589) on L-Tyr and L-Dopa,

respectively (Table 2). These data suggested that 5186-0429 can serve as a positive hit for
further development of active tyrosinase inhibitors.
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Figure 2 Hit compounds purchased for tyrosinase inhibition assay. Each structure of the 13 com-
pounds was shown in A–M, respectively.

Full-size DOI: 10.7717/peerj.4206/fig-2

Kinetic study
To illuminate the inhibition mechanism of 5186-0429 on tyrosinase, the kinetic study, with
L-Dopa as the substrate, was carried out by using Lineweaver-Burk plots, which characterize
the reciprocal rates versus reciprocal substrate concentrations under different inhibitor
concentrations resulting from the substrate-velocity curves for tyrosinase. Under different
concentrations of 5186-0429 (lines in Fig. 3D), the intersection located on the vertical
axis, suggesting that this compound competed with L-Dopa when it bound to tyrosinase.
Therefore, we speculated that 5186-0429 could enter the active center of tyrosinase, thereby
acting as a competitive inhibitor, with a Ki value of 12.2 µM.

Cell viability
To evaluate the cytotoxic effect of 5186-0429, we used the murine B16F10 melanoma cell
line (B16F10 cells). The results of cell viability assay using an MTT kit are presented in
Fig. 4. At the doses of 1, 5, 10, 50, 100 µM of compound 5186-0429, cell viability results
were 100%, 96.17%, 81.68%, 5.17%, 5.26%, respectively. It indicated that compound
5186-0429 is not cytotoxic to B16F10 cells at low concentrations.
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Figure 3 The assays for tyrosinase inhibitory activity of the hits. (A, B) The initial evaluation of the 13
hits on tyrosinase at 10 µM. (C) The dose-dependent inhibitory manner of the most potent hit 5186-0429
on L-Tyr and L-Dopa. (D) The Lineweaver-burk plot of 5186-0429 in kinetics assays.

Full-size DOI: 10.7717/peerj.4206/fig-3

Table 2 The initial assay of the 13 hits on the tyrosinase inhibition.

Cpd. Tyr IR (%)a Dopa IR (%)a

3253-1775 44.56 −11.63
5186-0429 83.19

6.2± 2.0 µMb
48.23
10.3± 5.4 µMb

6944-0074 −9.96 −11.83
F543-0002 14.45 −2.75
G611-1034 −0.46 −0.68
D715-1019 1.86 1.71
8019-7511 20.30 10.08
C301-9474 18.89 3.41
C301-8976 −4.17 11.42
8020-5131 −10.19 5.54
3720-3263 43.74 −7.54
8629-0200 5.87 4.65
Y041-3263 −0.52 14.25

Notes.
aThe inhibitory rate of Tyr or Dopa by the compounds.
bThe IC50 values of Tyr or Dopa by 5186-0429.
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Figure 4 Effect of 5186-0429 on B16F10 cell viability. Cells were treated with diverse doses of 5186-0429
(1–100 µM) for 24 h and evaluated by an MTT assay. Data are expressed as a percentage of the control
group.

Full-size DOI: 10.7717/peerj.4206/fig-4

Molecular docking
Molecular docking was applied to further analyze the binding mode between 5186-0429
and tyrosinase. The structure of mushroom tyrosinase was downloaded from protein data
bank (PDB ID: 2Y9X). The docking was performed using CDOCKER module in BIOVIA
Discovery Studio (DS). The docking pose selection was on the basis of its best CDOCKER
energy (−22.7987 kJ) and CDOCKER interaction energy (−35.6582 KJ). The According
to the results (Fig. 5), the resorcinol moiety played a central role during the intermolecular
interaction. One hydroxyl established a hydrogen-bond with the sidechain of Asn260, while
the other hydroxyl interacted with the copper ion, which was critical for the enzymatic
activity of tyrosinase. The benzene ring of resorcinol moiety formed π–π, π-alkyl and
π-sigma interaction with His263, Ser282 and Val283, respectively. The thiazole moiety
of 5186-0429 formed a π–π interaction with the sidechain of Phe264. Additionally, a
π-sulfur interaction was observed between the sulfur atom of 5186-0429 and the sidechain
of Phe264. For the p-phenylenediamine moiety of 5186-0429, it formed π–π and π-alkyl
interaction with Phe264 and Val248, respectively. Finally, a series of residues, including
His61, His85, His244, Glu256, Met257, His259, Arg268, Ala286 and Phe292, were involved
in the intermolecular recognition with 5186-0429 through van der Waals interactions,
which further improved the binding affinity of this compound.

DISCUSSION
Tyrosinase is a limiting enzyme in melanogenesis process. Besides, it is involved in
the biosynthesis of neuromelanin in nigrostriatal dopamine neurons of CNS. Its
overexpression results in neuronal damage and cell death, which are characterized in
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Figure 5 The binding mode prediction of 5186-0429 with tyrosinase. Binding pocket and ligand
conformation were exhibited (A). The binding pattern was shown in a three-dimensional presentation
(B). Dotted lines in different colors reflected diverse interaction types (hydrogen bonds in green, metal-
acceptor interaction in grey, Pi-sigma in purple, Pi-sulfur in blue, Pi-Pi interaction in pink, amide-Pi in
orange and Pi-alkyl in yellow).

Full-size DOI: 10.7717/peerj.4206/fig-5

several neurodegenerative diseases, especially PD. Thus, inhibition of tyrosinase is of vital
importance.

Although diverse researches have disclosed several types of tyrosinase inhibitors, most
of them are derived from natural products. Limitations, like low activity and selectivity,
poor availability and novelty, unsatisfied physicochemical properties, etc., cannot be
ignored. Herein, we engaged in virtual screening to identify novel tyrosinase inhibitors,
with relatively small molecular weight but higher activity and lower cytotoxicity.

As a result, 5186-0429 exhibited over 40% inhibitory efficiency on L-Tyr oxidation and
IR over 40% on L-Dopa oxidation, with a considerable IC50 values of 6.2± 2.0 µM and
10.3± 5.4 µM on L-Tyr and L-Dopa, respectively. Kinetic study showed that 5186-0429
worked as a competitive inhibitor with Ki value of 12.2 µM. That may be because it could
enter and act at the active center of tyrosinase. Due to cell viability results were 100%,
96.17%, 81.68% at doses of 1, 5, 10 µM respectively, compound 5186-0429 showed no
cytotoxicity to B16F19 cells at low concentrations. Hydrogen bond between one hydroxyl
and Asn260 and interaction of the other hydroxyl with copper ion are prerequisite for
enzymatic activity of tyrosinase. Meanwhile, several π–π, π-alkyl, π-sulfur and π-sigma
interactions enhanced the inhibition. Intermolecular van der Waals interactions of 5186-
0429 with surrounding amino acid residues greatly improved the binding affinity. The
distance between Cu ion and methoxyl group is 2.629 Å.

Compound 5186-0429 was identified via virtual screening, with micromolar grade
of inhibition activity and no cytotoxicity at low concentration. Discovered from neither
structure modification nor plant extraction, 5186-0429 possesses obvious structural
novelty. However, IC50 values of 5186-0429 are only with micromolar grade both on
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L-Tyr and L-Dopa. Much effort should be taken to enhance the inhibitory ability. As
described before, the binding mode of 5186-0429 and its target tyrosinase was disclosed,
which could provide a modification template for further design and development. For
example, cavity around resorcinol seems possible to accept a larger moiety. Bi- or tricyclic
moieties may be more proper to fit this binding pocket. Besides, as the distance between
Cu ion and methoxyl group is disclosed, an atom with lone pair electrons is essential to
form a coordinate covalent bond with Cu ion. In addition, N,N-diethyl moiety stretches
into solvent without forming key interactions with the receptor. Thus, this group is
possible to be modified in order to enhance pharmacokinetic properties. From a clinical
perspective, tyrosinase inhibitors with high solubility can be developed into eye-drop
preparations to cure ophthalmic diseases caused by melanin deposits. In our subsequent
work, more modifications and designs are still in need. With the abundance of molecule
structures, structure–activity relationship will be carried out, inhibitors with higher activity
and selectivity will be discovered, and how this series of compounds work will certainly
be clearer.

CONCLUSIONS
In conclusion, a new tyrosinase inhibitor, 5186-0429, was discovered through shape-
based virtual screening with the template of neorauflavane. 5186-0429, with micromolar
inhibitory activity, inhibited tyrosinase in a competitive manner according to the kinetic
and molecular docking study. All above suggested 5186-0429 to be a potential hit for
further modification and development as a novel tyrosinase inhibitor. It provides a good
template for further design of a potent tyrosinase inhibitor.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by grants 81402851 and 81573281 from the National Natural
Science Foundation of China, and BK20140957 from the Natural Science Foundation
of Jiangsu Province. Support was also recieved from Fundamental Research Funds for
the Central Universities (2015ZD009), Jiangsu Qing Lan Project, Top-notch Academic
Programs Project of Jiangsu Higher Education Institutions (TAPP-PPZY2015A070)
and Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 81402851, 81573281.
Natural Science Foundation of Jiangsu Province: BK20140957.
Fundamental Research Funds: 2015ZD009.
Jiangsu Higher Education Institutions: TAPP-PPZY2015A070.
Jiangsu Higher Education Institutions (PAPD).

Li et al. (2018), PeerJ, DOI 10.7717/peerj.4206 10/14

https://peerj.com
http://dx.doi.org/10.7717/peerj.4206


Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Qi Li, Hongyu Yang, Jun Mo, Yao Chen, Yue Wu and Haopeng Sun conceived and
designed the experiments, performed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, wrote the paper, prepared figures and/or tables,
reviewed drafts of the paper.
• Chen Kang and Yuan Sun conceived and designed the experiments, wrote the paper,
prepared figures and/or tables, reviewed drafts of the paper.

Data Availability
The following information was supplied regarding data availability:

The raw data is provided in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4206#supplemental-information.

REFERENCES
Abbas Q, Ashraf Z, HassanM, Nadeem H, Latif M, Afzal S, Seo SY. 2017a. De-

velopment of highly potent melanogenesis inhibitor by in vitro, in vivo and
computational studies. Drug Design, Development and Therapy 11:2029–2046
DOI 10.2147/DDDT.S137550.

Abbas Q, Raza H, HassanM, Phull AR, Kim SJ, Seo SY. 2017b. Acetazolamide inhibits
the level of tyrosinase and melanin: an enzyme kinetic, in vitro, in vivo, and in silico
studies. Chemistry & Biodiversity 14:e1700117 DOI 10.1002/cbdv.201700117.

Ashraf Z, Rafiq M, Seo SY, Kwon KS, Babar MM, Zaidi NU. 2015. Kinetic and
in silico studies of novel hydroxy-based thymol analogues as inhibitors of
mushroom tyrosinase. European Journal of Medicinal Chemistry 98:203–211
DOI 10.1016/j.ejmech.2015.05.031.

Choi YJ, Uehara Y, Park JY, Kim SJ, Kim SR, Lee HW,MoonHR, Chung HY.
2014.MHY884, a newly synthesized tyrosinase inhibitor, suppresses UVB-
induced activation of NF-kappaB signaling pathway through the downregula-
tion of oxidative stress. Bioorganic & Medicinal Chemistry Letters 24:1344–1348
DOI 10.1016/j.bmcl.2014.01.040.

Costin GE, Hearing VJ. 2007.Human skin pigmentation: melanocytes modulate skin
color in response to stress. FASEB Journal 21:976–994 DOI 10.1096/fj.06-6649rev.

Ferro S, De Luca L, GermanoMP, BuemiMR, Ielo L, Certo G, Kanteev M, Fishman A,
Rapisarda A, Gitto R. 2017. Chemical exploration of 4-(4-fluorobenzyl)piperidine
fragment for the development of new tyrosinase inhibitors. European Journal of
Medicinal Chemistry 125:992–1001 DOI 10.1016/j.ejmech.2016.10.030.

Li et al. (2018), PeerJ, DOI 10.7717/peerj.4206 11/14

https://peerj.com
http://dx.doi.org/10.7717/peerj.4206#supplemental-information
http://dx.doi.org/10.7717/peerj.4206#supplemental-information
http://dx.doi.org/10.7717/peerj.4206#supplemental-information
http://dx.doi.org/10.2147/DDDT.S137550
http://dx.doi.org/10.1002/cbdv.201700117
http://dx.doi.org/10.1016/j.ejmech.2015.05.031
http://dx.doi.org/10.1016/j.bmcl.2014.01.040
http://dx.doi.org/10.1096/fj.06-6649rev
http://dx.doi.org/10.1016/j.ejmech.2016.10.030
http://dx.doi.org/10.7717/peerj.4206


HassanM, Abbas Q, Ashraf Z, Moustafa AA, Seo SY. 2017. Pharmacoinformatics
exploration of polyphenol oxidases leading to novel inhibitors by virtual screening
and molecular dynamic simulation study. Computational Biology and Chemistry
68:131–142 DOI 10.1016/j.compbiolchem.2017.02.012.

HassanM, Ashraf Q, Abbas Q, Raza H, Seo SY. 2016. Exploration of novel human
tyrosinase inhibitors by molecular modeling, docking and simulation studies.
Interdisciplinary Sciences: Computational Life Sciences Epub ahead of print 21 April
2016 DOI 10.1007/s12539-016-0171-x.

Haudecoeur R, Carotti M, Gouron A, Maresca M, Buitrago E, Hardre R, Bergantino E,
Jamet H, Belle C, Reglier M, Bubacco L, Boumendjel A. 2017. 2-Hydroxypyridine-
n-oxide-embedded aurones as potent human tyrosinase inhibitors. ACS Medicinal
Chemistry Letters 8:55–60 DOI 10.1021/acsmedchemlett.6b00369.

Khatib S, Nerya O, Musa R, Tamir S, Peter T, Vaya J. 2007. Enhanced substituted
resorcinol hydrophobicity augments tyrosinase inhibition potency. Journal of
Medicinal Chemistry 50:2676–2681 DOI 10.1021/jm061361d.

Kirchmair J, Distinto S, Markt P, Schuster D, Spitzer GM, Liedl KR,Wolber G. 2009.
How to optimize shape-based virtual screening: choosing the right query and
including chemical information. Journal of Chemical Information and Modeling
49:678–692 DOI 10.1021/ci8004226.

Kirchmair J, Pistic S, Eder K, Markt P, Wolber G, Laggner C, Langer T. 2007. Fast
and efficient in silico 3D screening: toward maximum computational efficiency of
pharmacophore-based and shape-based approaches. Journal of Chemical Information
and Modeling 47:2182–2196 DOI 10.1021/ci700024q.

Larik FA, Saeed A, Channar PA, Muqadar U, Abbas Q, HassanM, Seo SY, Bolte
M. 2017. Design, synthesis, kinetic mechanism and molecular docking studies
of novel 1-pentanoyl-3-arylthioureas as inhibitors of mushroom tyrosinase and
free radical scavengers. European Journal of Medicinal Chemistry 141:273–281
DOI 10.1016/j.ejmech.2017.09.059.

Masamoto Y, Ando H, Murata Y, Shimoishi Y, TadaM, Takahata K. 2003.Mushroom
tyrosinase inhibitory activity of esculetin isolated from seeds of Euphorbia lathyris L.
Bioscience, Biotechnology, and Biochemistry 67:631–634 DOI 10.1271/bbb.67.631.

Masamoto Y, Lida S, KuboM. 1980. Inhibitory effect of Chinese crude drugs on
tyrosinase. Planta Medica 40:361–365 DOI 10.1055/s-2008-1074986.

MojzychM, Tarasiuk P, Kotwica-Mojzych K, Rafiq M, Seo SY, Nicewicz M, Fornal E.
2017. Synthesis of chiral pyrazolo[4,3-e][1,2,4]triazine sulfonamides with tyrosinase
and urease inhibitory activity. Journal of Enzyme Inhibition and Medicinal Chemistry
32:99–105 DOI 10.1080/14756366.2016.1238362.

Park JW, Ha YM,Moon KM, Kim SR, Jeong HO, Park YJ, Lee HJ, Park JY, Song YM,
Chun P, Byun Y, Moon HR, Chung HY. 2013. De novo tyrosinase inhibitor: 4-(6,7-
dihydro-5H-indeno[5,6-d]thiazol-2-yl)benzene-1,3-diol (MHY1556). Bioorganic &
Medicinal Chemistry Letters 23:4172–4176 DOI 10.1016/j.bmcl.2013.05.029.

Li et al. (2018), PeerJ, DOI 10.7717/peerj.4206 12/14

https://peerj.com
http://dx.doi.org/10.1016/j.compbiolchem.2017.02.012
http://dx.doi.org/10.1007/s12539-016-0171-x
http://dx.doi.org/10.1021/acsmedchemlett.6b00369
http://dx.doi.org/10.1021/jm061361d
http://dx.doi.org/10.1021/ci8004226
http://dx.doi.org/10.1021/ci700024q
http://dx.doi.org/10.1016/j.ejmech.2017.09.059
http://dx.doi.org/10.1271/bbb.67.631
http://dx.doi.org/10.1055/s-2008-1074986
http://dx.doi.org/10.1080/14756366.2016.1238362
http://dx.doi.org/10.1016/j.bmcl.2013.05.029
http://dx.doi.org/10.7717/peerj.4206


Pillaiyar T, ManickamM, Jung SH. 2015. Inhibitors of melanogenesis: a patent review
(2009–2014). Expert Opinion on Therapeutic Patents 25:775–788
DOI 10.1517/13543776.2015.1039985.

Pillaiyar T, ManickamM, Namasivayam V. 2017. Skin whitening agents: medicinal
chemistry perspective of tyrosinase inhibitors. Journal of Enzyme Inhibition and
Medicinal Chemistry 32:403–425 DOI 10.1080/14756366.2016.1256882.

Ruzza P, Serra PA, Fabbri D, Dettori MA, Rocchitta G, Delogu G. 2016.Hy-
droxylated biphenyls as tyrosinase inhibitor: a spectrophotometric and elec-
trochemical study. European Journal of Medicinal Chemistry 126:1034–1038
DOI 10.1016/j.ejmech.2016.12.028.

Saeed A, Mahesar PA, Channar PA, Abbas Q, Larik FA, HassanM, Raza H, Seo SY.
2017. Synthesis, molecular docking studies of coumarinyl-pyrazolinyl substituted
thiazoles as non-competitive inhibitors of mushroom tyrosinase. Bioorganic
Chemistry 74:187–196 DOI 10.1016/j.bioorg.2017.08.002.

Solano F, Briganti S, PicardoM, GhanemG. 2006.Hypopigmenting agents: an up-
dated review on biological, chemical and clinical aspects. Pigment Cell Research
19:550–571 DOI 10.1111/j.1600-0749.2006.00334.x.

Tada H, Shiho O, Kuroshima K, KoyamaM, Tsukamoto K. 1986. An improved
colorimetric assay for interleukin 2. Journal of Immunological Methods 93:157–165
DOI 10.1016/0022-1759(86)90183-3.

Tan X, Song YH, Park C, Lee KW, Kim JY, KimDW, Kim KD, Lee KW, Curtis-Long
MJ, Park KH. 2016.Highly potent tyrosinase inhibitor, neorauflavane from Campy-
lotropis hirtella and inhibitory mechanism with molecular docking. Bioorganic and
Medicinal Chemistry 24:153–159 DOI 10.1016/j.bmc.2015.11.040.

Tessari I, Bisaglia M, Valle F, Samori B, Bergantino E, Mammi S, Bubacco L.
2008. The reaction of alpha-synuclein with tyrosinase: possible implications
for Parkinson disease. Journal of Biological Chemistry 283:16808–16817
DOI 10.1074/jbc.M709014200.

Unver N, Freyschmidt-Paul P, Horster S, Wenck H, Stab F, Blatt T, Elsasser HP. 2006.
Alterations in the epidermal-dermal melanin axis and factor XIIIa melanophages
in senile lentigo and ageing skin. British Journal of Dermatology 155:119–128
DOI 10.1111/j.1365-2133.2006.07210.x.

Vontzalidou A, Zoidis G, Chaita E, MakropoulouM, Aligiannis N, Lambrinidis G,
Mikros E, Skaltsounis AL. 2012. Design, synthesis and molecular simulation studies
of dihydrostilbene derivatives as potent tyrosinase inhibitors. Bioorganic & Medicinal
Chemistry Letters 22:5523–5526 DOI 10.1016/j.bmcl.2012.07.029.

Wang R, ChaiWM, Yang Q,Wei MK, Peng Y. 2016. 2-(4-Fluorophenyl)-quinazolin-
4(3H)-one as a novel tyrosinase inhibitor: synthesis, inhibitory activity, and mecha-
nism. Bioorganic and Medicinal Chemistry 24:4620–4625
DOI 10.1016/j.bmc.2016.07.068.

WuX, Li X, Li H, ShiW,MaH. 2017. A highly sensitive and selective fluorescence off-
on probe for the detection of intracellular endogenous tyrosinase activity. Chemical
Communications 53:2443–2446 DOI 10.1039/c6cc09679d.

Li et al. (2018), PeerJ, DOI 10.7717/peerj.4206 13/14

https://peerj.com
http://dx.doi.org/10.1517/13543776.2015.1039985
http://dx.doi.org/10.1080/14756366.2016.1256882
http://dx.doi.org/10.1016/j.ejmech.2016.12.028
http://dx.doi.org/10.1016/j.bioorg.2017.08.002
http://dx.doi.org/10.1111/j.1600-0749.2006.00334.x
http://dx.doi.org/10.1016/0022-1759(86)90183-3
http://dx.doi.org/10.1016/j.bmc.2015.11.040
http://dx.doi.org/10.1074/jbc.M709014200
http://dx.doi.org/10.1111/j.1365-2133.2006.07210.x
http://dx.doi.org/10.1016/j.bmcl.2012.07.029
http://dx.doi.org/10.1016/j.bmc.2016.07.068
http://dx.doi.org/10.1039/c6cc09679d
http://dx.doi.org/10.7717/peerj.4206


Xue X, Zhao NY, Yu HT, Sun Y, Kang C, Huang QB, Sun HP,Wang XL, Li NG.
2016. Discovery of novel inhibitors disrupting HIF-1alpha/von Hippel-Lindau
interaction through shape-based screening and cascade docking. PeerJ 4:e2757
DOI 10.7717/peerj.2757.

You A, Zhou J, Song S, Zhu G, Song H, YiW. 2015. Structure-based modification of
3-/4-aminoacetophenones giving a profound change of activity on tyrosinase:
from potent activators to highly efficient inhibitors. European Journal of Medicinal
Chemistry 93:255–262 DOI 10.1016/j.ejmech.2015.02.013.

Zhou P, Tian F, Chen X, Shang Z. 2008.Modeling and prediction of binding affinities
between the human amphiphysin SH3 domain and its peptide ligands using genetic
algorithm-Gaussian processes. Biopolymers 90:792–802 DOI 10.1002/bip.21091.

Li et al. (2018), PeerJ, DOI 10.7717/peerj.4206 14/14

https://peerj.com
http://dx.doi.org/10.7717/peerj.2757
http://dx.doi.org/10.1016/j.ejmech.2015.02.013
http://dx.doi.org/10.1002/bip.21091
http://dx.doi.org/10.7717/peerj.4206

