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Abstract

Hyper-pigmentation conditions may develop due to erroneous melanogenesis cascade which leads to excess melanin pro-
duction. Recently, inhibition of tyrosinase is the main focus of investigation as it majorly contributes to melanin production.
This inhibition property can be exploited in medicine, agriculture, and in cosmetics. Present study aims to find a natural
and safe alternative molecule as tyrosinase inhibitor. In this study, human tyrosinase enzyme was modelled due to unavail-
ability of its crystal structure to look into the degree of efficacy of glabridin and its 15 derivatives as tyrosinase inhibitor.
Docking was performed by Autodock Vina at the catalytic core enzyme. Glabridin effects on melanoma cell lines was also
elucidated by analysing cytotoxicity and effect on melanin production. Computational ADME analysis was done by Swis-
sADME. Molecular dynamic simulation was also performed to further evaluate the interaction profile of these molecules
and kojic acid (positive inhibitor) with respect to apo protein. Notably, four derivatives 5'-formylglabridin, glabridin dimer,
5'-prenyl glabridin and R-glabridin exhibited better binding affinity than glabridin. Glabridin effectively inhibited melanin
production in a dose dependent manner. Among these, 5'-formylglabridin displayed highest binding affinity with docking
score — 9.2 kcal/mol. Molecular properties and bioactivity analysis by Molinspiration web server and by SwissADME also
presented these molecules as potential drug candidates. The study explores the understanding for the development of suitable
tyrosinase inhibitor/s for the prevention of hyperpigmentation. However, a detailed in vivo study is required for glabridin
derivatives to suggest these molecules as anti-melanogenic compound.
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Introduction

Glabridin {systematic name: 4-[(3R)-8,8-dimethyl- 3,4-dihy-
dro-2H-pyrano[2,3-f] chromen-3-yl] benzene-1,3-diol} is a
polyphenolic flavonoid compound from liquorice (Glycyr-
rhiza glabra, Fabaceae). It was first characterized in 1976
(Saitoh et al. 1976). Glabridin has been reported as main
iso-flavanoid of licorice and its content in dried roots varies
from 0.08 to 0.35% (w/w) (Simmler et al. 2013; Hayashi
et al. 2003). Glabridin is known as species specific marker
compound of Gycyrrhiza glabra Linn and is absent in cer-
tain species of the Glycyrrhiza genus (Lim, 2016). It also
has phytoestrogen properties and displays broad range of
biological activities. Several studies have reported pharma-
cological activities of glabridin mainly in terms of antibac-
terial (Kumari et al. 2020, 2019a; Fukai et al. 2002), anti-
fungal (Gupta et al. 2008), anti-oxidant (Fukai et al. 2000),
anti-inflammatory, antiviral, anti-allergenic, neuroprotec-
tive (Cui et al. 2008), anti-osteoporotic (Yu et al. 2008),
anti-tumorigenic properties (Choi, 2005; Hsu et al. 2011).
Damle (2014) and Simmler (2013) reviewed pharmacologi-
cal properties of Glycyrhhiza glabra and also talked about
skin whitening properties of G. glabra extracts. The role of
glabridin in skin whitening needs more investigation. There
has been a research gap after the study performed by Yokata
et al. 1998 which state that glabridin contains two hydroxyl

@ Springer

groups which are important for the inhibition of tyrosinase
and melanin synthesis. The hydroxyl group at the 4'position
is more closely related to the inhibition (Yokota et al. 1998).
Melanin absorbs harmful ultraviolet radiations (UVR) and
protects the skin (Pillaiyar et al. 2018). Conglomeration
of melanin pigments leads to hyper-pigmentary disorders
(Cestari et al. 2014). Melasma, post inflammatory hyper pig-
mentation, Café- an- lait, age spots, solar lentigo, erythema
dyschromicum perstans, prurigo pigmentosa, Linea niagra,
freckels, lentigines are common dermatological problems
(Baurin et al. 2002) and don’t have the advance treatment
strategies presently.

Tyrosinase (EC.1.14.18.1, Syn. Polyphenol oxidase)
is the key enzyme of the Melanogenesis pathway and
catalyses the conversion of tyrosine into dihydroxypheny-
lalanine (DOPA), and then, DOPA into dopaquinone (Shi
et al. 2002; Kobayashi et al. 1995). Both steps are rate
limiting reactions of the melanin biosynthesis pathway
(Kumari et al. 2019b; Radhakrishnan et al. 2013; Raper,
1928; Kobayashi et al. 1995; Borges et al. 2001). As over-
expression of brain tyrosinase catalyses production of
dopaquinones in the process of age-dependent neuromela-
nin production, which in excess leads to neuronal damage,
implicating the tyrosinase potential in neurogenerative
diseases like Parkinson’s and Huntington’s diseases (Pil-
laiyar et al. 2017; Cavalieri et al. 2002; Vontzalidou et al.
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2012; Hasegawa et al. 2010; Tessari et al. 2008; Greggio
et al. 2005; Nithitanakool et al. 2009). Tyrosinase has
also been associated with the browning of vegetables and
fruits during post-harvest and handling processes, lead-
ing to quick degradation (Yi et al. 2010; Friedman, 1996;
Mayer, 1986). The role of tyrosinase has been further
explored in the moulting process of insects and wound
healing (Liu et al. 2007; Pillaiyar et al. 2017). Structur-
ally, this multifunctional enzyme’s catalytic core has two
copper (III) atoms, surrounded by three histidine residues
which act as catalytic centre of the enzyme (Matoba et al.
2006; Masum et al. 2019). The most prominent approach
for the development of melanogenesis inhibitors is the
down regulation of tyrosinase as strong correlation has
been observed between tyrosinase and melanin pigmenta-
tion (Masum et al. 2019; Pillaiyar et al. 2017). Targeting
tyrosinase is the key to comprehend the knowledge of
melanin inhibition mechanism which can help to improve
hyper pigmentary conditions (Lee et al. 2020). Several
tyrosinase inhibitors are reported as potential therapeutic
and cosmetic agents for various hyperpigmentation con-
ditions and skin related issues respectively. Tyrosinase
inhibitors can stumble the high tyrosinase activity and
play notable role as remedies for skin disorders (Pillaiyar
et al. 2017). Apart from their role in medicine, tyrosinase
inhibitors have attracted much attention in the cosmetic
industry (Pillaiyar et al. 2017).

Nature has always been a great reservoir of the novel
compounds which can be exploited to obtain various
drugs (Mushtaq et al. 2018) and these phytochemicals and
their derivatives are naturally produced by plants as sec-
ondary metabolites which helps in defence against patho-
gens (Isah 2019, Kumari et al. 2021). Several studies have
reported better results from derivatives in the treatment
of diseases than the parent compound (Haudecoeur et al.
2017). However, in medicine, tyrosinase inhibitors are
important clinical antimelanoma drugs but only a few
compounds are effective and safe. Thus, the hunt for safe
cosmetic agents demands identification of new molecules/
substance with more powerful actions, and without any
side effect (Ali and Naaz 2015). Thus, to enhance the
knowledge of anti-melanogenic natural compounds, we
have conducted the virtual docking studies of glabridin
and its various structural derivatives with the modelled
human tyrosinase enzyme (hTYR) to evaluate their anti-
tyrosinase efficacy and thus they could potentially pre-
vent abnormal pigmentation. It also reports the effect of
glabridin on the melanoma cells for its anti-melanogenic
potentiality. The aim of the current study is to find a suit-
able candidate for the development of new skin whitening
agent for hyper pigmentary disorders or cosmetic purpose
which may have lesser adverse effects.

Materials and methods

The effort was to find the anti-tyrosinase molecule using
derivatives of glabridin. This study includes the natural
compounds present in Glycyrhhiza glabra plant which
are proposed to have anti-tyrosinase activity in tradi-
tional usages. All derivatives included in the study are
(R)- glabridin [4484219], 5'prenyl glabridin [23641093],
2',4'-O- dimethyl glabridin [480856], glabridin dimer
[5481978], R- Hispaglabridin A [4484221], R-His-
paglabridin B [5318057], 5'-formylglabridin [46230506],
4'-O-Methyl preglabridin [44257508], 4'-O-prenyl
glabridin [480861], 4'-O-methyl glabridin [5319664],
3'-hydroxy-4'methoxy glabridin [10338211], 2'-O-meth-
ylglabridin [74830193], 2'-0O,5'-C-diprenylglabridn
[480868], Hispaglabridin A [442774] and Hispaglabridin
B [15228661]. These are structural derivatives of glabridin
and can be obtained from the extract of Glycyrhhiza glabra
plant by HPLC purification except Glabridin dimethyl
ether (2',4'-O- dimethyl glabridin) and 2'-O-methylglabri-
din. These two compounds are semisynthetic and Belinky
et al. (1998) synthesized them by the following method.
Glabridin (100 mg, 0.31 mmol) in a round bottom flask
was dissolved in acetone (2 ml) and methyl iodide (30 ml,
0.33 mmol) and K,CO; (64 mg, 0.46 mmol) were added.
The reaction mixture was heated to 50 °C with stirring, and
after 6 h, the conversion reaction was determined by HPLC
analysis. Glabridin (35%), 2'-O-methylglabridin (30%),
4'-0O-methylglabridin (20%) and 2',4'-O-dimethylglabridin
(15%) were obtained. These compounds were separated
and purified on a silica gel column, using CH,Cl, and then
CH,Cl1,/3% CH;OH as eluents. 2',4’-O-dimethylglabridin
can be synthesized in a higher yield by using excess of
methyl iodide and potassium carbonate in the initial
reactions. Kojic acid was used as positive control for the
docking studies and for in vitro studies glabridin (62%
pure) was purchased from Kan Phytochemicals Pvt. Ltd.;
Sonipat, Haryana. The experimental workflow employed
is displayed in Fig. 1.

Homology modelling of hTYR and secondary
structure prediction

Due to non-availability of an experimentally established
high—resolution X-ray crystal structure of hTYR in the
Protein Data Bank, a three-dimensional structural model
of the same was built using MODELLER (Webb et al.
2014) based on homology modelling. Tyrosinase protein
sequence (Homo sapiens) (Accession no AAB60319.1)
was retrieved from the NCBI protein database (https://
www.ncbi.nlm.nih.gov) (Johnson et al. 2008) and used as
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Fig. 1 Experimental workflow employed during the present study

query sequence to perform BLASTp. A structural model
of the human tyrosinase was constructed using MODEL-
LER using published crystal structure of 5, 6-dihydroxyin-
dole-2-carboxylic acid oxidase of human RCSB Protein
Data Bank (Berman et al. 2007) (PDB ID: 5SM8Q). The
modelling template showed maximum 44.44% identity and
query coverage 81%. Modelling was done for the catalytic
domain by removing 25 amino acids from the start along
with a short sequence of 59 residues from 471 to 529 of
the peptides. Two copper molecules were added to the cat-
alytic centre obtained from Bacterial tyrosinase (Matoba
et al. 2006). The overall quality of the modelled struc-
ture was validated through the Ramachadran plot using
Rampage server. The secondary structure of the human
tyrosinase enzyme sequence was also determined by self-
optimized prediction method (SOPMA) (Combet et al.
2000). The secondary structure of protein is important to
understand the three-dimensional structure of the protein
and its function. The default parameters of window width
17, similarity threshold 8 and number of states 4 were used
for this study.

Structure preparation of ligands and target
modelled hTYR

Glabridin and its derivatives (supplementary data-Table 1S)
were retrieved from PubChem database to investigate their
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possible impact as inhibitor of human tyrosinase. 3D struc-
tures of glabridin derivatives were downloaded in sdf for-
mat. The sdf files were converted into pdbqt file format using
open babel tool on Linux version 16.04.

Active site prediction and molecular docking
of ligands with modelled hTYR

Active site prediction was performed by CastP web server
(Tian et al. 2018). Docking studies were carried out on
Autodock Vina (Trott and Olson 2010) which carries out
automated preparation steps for both receptor and ligands
that include the addition of partial charges and required
hydrogen atoms. Docking of ligand molecules was per-
formed on predefined grid obtained from the template
structure in complex with kojic acid (Lai et al. 2017). The
grid size was 50X 50x 50 and dimension for X, Y and Z
coordinates — 15.715, 5.183 and —20.640, respectively.
These parameters were also used to dock glabridin deriva-
tives using Autodock Vina executed on Linux platform. The
docking was validated by best possible conformation of
each ligand and the best confirmation of each compound
was selected based on the lowest docking score and their
binding interactions measured in terms of Gibbs free energy
(AG). The docked structures (protein—ligand complexes)
stabilize through several binding interactions such as polar,
hydrophobic, hydrophilic, pi-pi stacking, salt bridge etc. The
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molecular interactions were analysed and evaluated based
on their polar and hydrophobic interactions using structure
visualization tool Pymol version 2.3 (DeLano 2002), Chi-
meralQ.1 (Pettersen 2004) and LigPlot (Wallace et al. 1995).

Anti-melanogenic activity of glabridin
on melanoma cell line

The anti-melanogenic activity of glabridin was evaluated on
B16F10 cell line. The cytotoxicity of glabridin on murine
melanoma cell lines (B16 melanoma cells) and effect of
glabridin concentrations on the melanin production by mela-
noma cells was observed.

Effect of glabridin on Melanin production by B16
melanoma cells

Melanin contents in cultured B16 melanoma cells were
measured according to the method of Oikawa et al. (1973)
with slight modifications. B16 melanoma cells were seeded
(initial density of cells 0.4 x 10* cells/cm?) in T75 culture
flasks, and glabridin was added to the culture medium with
concentrations from 1.0 to 5 ug/ml. After 3 days culture, the
cells were collected by brief trypsinization and subsequent
centrifugation, and then treated with 5% trichloroacetic
acid, ethyl alcohol: diethyl ether (3:1) and diethyl ether suc-
cessively in this order. The cells were dissolved with 2 M
NAOH containing 10% DMSO. Doxorubicin was used as
positive control. The melanin contents were measured with
Agilent Cary 50 UV Visible spectrophotometer at 400 nm.
Results were analysed statistically using statistical software
Prism 5 via one-way analysis of variance at P <0.05 with
control.

Cell viability assay (MTT assay)

B16F10 cells were grown to confluence in T75 cm? flask
supplemented with Dulbecco’s Modified Eagle Medium and
10% fetal calf serum in CO, incubator with 5% CO,. Cells
were seeded at a density of 1 x 10* cells per well in DMEM
medium. Twenty-four hours post seeding, cells were treated
at concentrations ranging from 5 to 200 pg/ml of glabridin
for different time intervals (24 and 48 h). After the exposure
times, MTT was added to a final concentration of 0.5 mg/ml
medium and the plates were incubated for 4 h at 37 °C. The
purple formazan crystals formed were dissolved in DMSO
and read at 570 nm in a micro-quant plate reader. The assay
was carried out in triplicates. The results were expressed as
% inhibition.

Drug likeness and In-silico ADME prediction

Early detection of ADME properties reduces the failure in
clinical phases and also minimises the load of synthesis of
compounds for testing its potentiality for drug. Hence, it
has become a vital tool in drug candidate identification.
On this note, in silico prediction of the ADME properties
(absorption, distribution, metabolism and excretion) was
performed using SwissADME web tool (Daina et al. 2017)
to determine the activity of these molecules within human
body. These pharmacokinetic parameters were evaluated for
the glabridin and its 15 derivatives to investigate their drug
candidate chance. SMILES of each compound was obtained
from PubChem database and was used for the analysis. The
drug likeness of the molecules was predicted by adopting
Lipinski’s Rule of 5. The rule of 5 predicts molecules with
more than SH-bond donors, 10-H bond acceptors, molecular
weight more than 500 Da and the logP greater than 5 likely
to had poor absorption and permeation of molecular entities
(Ibrahim et al. 2020).

Molecular dynamics simulation study

MD simulation has been performed using GROMACS 5.1.2.
(Berendsen et al. 1995) to analyse the structural stability of
tyrosinase upon ligand binding, under GROMOS96 43al
force field (Pol-Fachin et al. 2009). MD simulations for apo-
protein (TYR) along with all of the receptor-ligand com-
plexes, TYR-Kojic acid, TYR-5'- formylgrabridin, TYR-5'
prenylglabridin, TYR- Glabrdin dimer, TYR- 3’-hydroxy-4'-
methoxyglabridin and TYR- (R)-glabridin, were performed
in triclinic periodic boundary conditions. The topologies
for ligand molecules were prepared using PRODRG (Schiit-
telkopf and Van Aalten 2004). The systems were prepared
with solvation using SPC water model at 1 nm marginal
radius, followed by neutralization by adding the significant
number of Na* ions. The final systems, consisted of Protein,
Ligand (except for TYR), Na* ions and solvent, was sub-
jected to energy minimization step for each system was per-
formed using steepest decent integrator for 5000 iterations
using the 0.01 energy step. After that, NVT (Berendsen et al.
1995) and NPT (Berendsen et al. 1984) ensembles were
employed for temperature and pressure coupling and equi-
libration with leap-frag integrator for 50,000 steps (100 ps).
Finally, 50,000 ps production simulations of each system
were performed 2 fs time interval (Millan et al. 2017). The
RMSD of backbone, RMSF of C-alpha atoms, SASA, Rg,
and hydrogen bond were retrieved from MD simulation tra-
jectories, and analysis plots were prepared using OriginPro.
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Fig.2 A Three-dimensional structure of the modelled human tyrosi-
nase (hTYR) (Two red dots in the centre represents Copper metal
ions essential for the catalytic activity), B The Ramachandran plot for
the modelled protein: the residues occurring red coloured region are

Result and discussions
Homology modelling

Homology modelling of hTYR was successfully done. Ste-
reo chemical properties of 3D protein structure of hTYR,
obtained through the structure model algorithm (Fig. 2A)
and validated with several validation tools associated with
save server, were analysed through the Ramachandran plot.
Ramachandran plot analysis indicated that more than 90%
amino acid residues accommodate in the allowed region
(Fig. 2B). These properties improved after energy minimi-
zation through YASARA server and 94% residues lay in
the allowed region of Ramachandran plot. As the tyrosi-
nase activity is dependent on the presence of two copper
ions, they were added to the catalytic centre from the bacte-
rial tyrosinase (Lai 2017). Secondary structure prediction
results (Sup Table 2S) and homology model were analogous
to each other. Majority of studies have implicated mushroom
tyrosinase and bacterial tyrosinase (da Silva et al. 2017,
Lima et al., 2014; Radhakrisnan et al. 2013). However, dif-
ferences in the binding pockets of mushroom and human
tyrosinase have been reported (Garcia -Borron, 2002). Only
few researchers have reported modelling of human tyrosi-
nase enzyme (Lee et al., 2020; Nokinsee et al. 2015) but in
their modelling studies, the template similarity was very low.
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in allowed region, residues in yellow region are in generously allowed
region. (97% residues are in the allowed region where as 1.6% resi-
dues are in generously allowed region

Nokinsee et al. (2015) used protein template, tyrosinase of
B. megaterium (PDB Id- 3NQ1) which had highest identity
with human tyrosinase of only 33.5%, whereas in present
study template used for homology modelling is Human
tyrosinase related protein (PDB ID 5M8Q) which showed
44.6% identity with hTYR.

Interaction study between protein and ligand
complexes

Active site prediction by Cast p resulted in several active
sites. Among major active sites, site 1 active site was
found to be the largest pocket. Kojic acid binding coor-
dinates with template protein were similar to the coordi-
nates of sitel active site of modelled enzyme. The dock-
ing of the glabridin and its derivatives was successfully
achieved with the Autodock vina tools and the results
were analysed in term of the binding energy. The dock-
ing results of Glabridin and kojic acid are presented in
Fig. 3 (3A—¢glabridin and hTYR docking; 3B—Kojic acid
and hTYR docking). Docking scores in terms of binding
affinity for glabridin and its derivatives are presented
in Table 1. Docking structures of the molecules which
showed lesser docking energy score than glabridin are pre-
sented in Fig. 4A, B, C and D. Cast P analysis of docked
structures of these molecules also confirmed that all ligand
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Fig.3 Docking structure of ligands (Glabridin and Kojic acid). A: Docking picture of glabridin with modelled hTYR, B: Docking picture of

Kojic acid with modelled hTYR

Table1 List of glabridin & glabridin’s derivatives and Kojic acid
with their docking score (Gibb’s free energy)

Name of Ligand Dock Score
(Gibb’s free
energy)

3'- hydroxy 4’ methoxy-glabridin -8.0

4'-O- methylglabridin -7.6

4'-O-prenyl glabridin -8.0

4'-O-methyl preglabridin -7.6

5'- formylglabridin -93

5'- prenylglabridin -8.8

2'-0, 5'-C-diprenyl glabridin —-8.6

Glabridin dimethylether -7.6

Glabridin dimer -9.2

Hispaglabridin A =79

2'-O- methylglabridin -8.1

(R) -glabridin -89

(R)- hispaglabridin A -8.0

(R)- hispaglabridin B -8.6

Hispaglabridin B =79

Glabridin -8.8

Kojic Acid -6.8

molecules were docked in the active pocket (site 1) of
the modelled tyrosinase and amino acid composition of
this site is presented in Table 3S (suppl). Few representa-
tive glabridin derivative molecules bound in the active
pocket 1 has been presented in Fig. 5. Glabrdin and its

all 15 derivatives were docked in the active pocket of the
enzyme which indicate that they may interfere with tyrosi-
nase activity. The hydrophobic interaction of these ligand
molecules along with kojic acid was calculated using Lig-
Plot and generated interactions are shown in Fig. 6 (where
the ray like structures represent the hydrophobic relation-
ship between the atoms as well as the molecules) except
for glabridin dimer due its complex structure. The hydro-
phobic interaction was calculated within the 4 A° region
around ligand molecules.

Among all derivatives, 5'-formylglabridin comes out
to be the best molecule based on its docking score (—9.3).
Other important molecules which can be analysed in vivo for
their anti-tyrosinase activity along with 5'-formylglabridin
are glabridin dimer, 5'-prenyl glabridin and (R)—glabri-
din which showed attractive binding modes with docking
scores — 9.2, — 8.8, — 8.9 and — 8.6 respectively. Glabridin
binds to tyrosinase by forming totally 3 hydrogen bonds with
residue SER355, ASN 339, Cu 501, where C’2 of glabri-
din binds to SER355 and Cu501, C’4 of glabridin binds to
ASN?339. This is in agreement with study of Yokata et al.
1998. It can be inferred that both group of glabridin are
important for the inhibition activity of the glabridin. Cu
forms the active centre of the enzyme. Hence, glabridin
interfere with the tyrosinase activity. This study revealed the
anti-tyrosinase property of glabridin and its derivatives. Our
study shows that, the amino acids involved in the H-bond-
ing with kojic acid are not involved in the H-bonding with
glabridin whereas those residues are involved in other type
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Fig.4 Docking structure of glabridin derivatives- A: 5'formyl-
glabridin ligand docked with modelled hTYR (Dock score: —9.3),
B: Glabridin dimer ligand docked with modelled hTYR (Dock

of interactions and this may suggest the non-competitive
inhibition mechanism. This result is in accordance with
the reports of Chen et al. 2016. We comparatively analysed
the stability of glabridin, kojic acid, 5'-formyl glabridin,
R- glabrdin, 5" -prenylglabridin and 3'Hydroxy- 4’ methoxy
binding with human tyrosinase and report the interacting
residues in Table 2. Interacting residues of other molecules
are tabulated in Suppl. Table 4S. 5'- formylglabridin forms
four hydrogen bonds with residues ARG 171, ASP 161,
ILE 173, GLU 178, R- glabridin forms 3 H-bond with SER
355, ASN 339 and Cu 501 whereas 5’ prenylglabridin forms
only one hydrogen bond with ARG171. The binding mode
of selected ligands in the active site of human tyrosinase
model involved some very positive hydrophobic interactions.
Important residues which are either involved in H-bonding
or interact with other kind of interaction which are common
with kojic acid are HIS 338, HIS 177, HIS 342, SER 350,
VAL 352 and ASN 339 and possess very important role
in interaction with these ligands. The residues which are
limited to glabridin and its derivatives interaction are PHE
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Score: —9.2), C: 5' prenylglabrdin ligand docked with modelled
hTYR (Dock Score: —8.8), D: (R)—Glabridin ligand docked
with modelled hTYR (Dock score: —8.9)

322, SER 330, SER 355, ILE 343, HIS 155, ARG 171 which
could have important roles in the inhibition.

In vitro testing the effect of glabridin on to tyrosinase

Treatment of B16 melanoma cells with glabridin at concen-
tration 1, 1.5 and 2 pg/ml was found to decrease the melanin
concentration effectively. Each group was statistically cor-
related with control as well as with other groups. Statistical
analysis showed that the reduction in melanin content was
highly significant at each treatment with respect to untreated
cells. Analysis of significance level among different treat-
ment showed that 2.5 pg/ml was significant than 1.5 pg/ml
and similarly 2 pg/ml was significant than 1 pg/ml dosages
of glabridin (Fig. 7A).

Cytotoxicity assay

Morphological changes were observed in melanoma cells
exposed to glabridin and showed toxicity in concentration
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Glabridin

Glabridin dimer

Fig.5 Cast p generated files analysed in Chimera 10.1 which shows that all ligands were docked in the site 1 active pocket whereas the orienta-

tion of ligands are different

dependent manner (Fig. 7B). Glabridin was shown to inhibit
the melanin production in dose dependent manner and 1 pg/
ml of glabridin significantly inhibited the melanin produc-
tion in comparison to the untreated cells as control. The
cytotoxicity analysis of glabridin was analysed from 5 to
200 pg/ml. Dose dependent cytotoxicity showed by glabridin
was calculated as percentage of inhibition (Supplementary
data 1S and 2S). The effect of compounds on the capabil-
ity of cells to replicate is used as an index of toxicity; ICs,
calculated for 24 h was 22.78 pg/ml, and for 48 h, it was

13.82 pg/ml which suggest that it could be efficiently used
for the purpose (Supplementary data 3S).

Drug-likeness and in silico ADME prediction analysis

A molecule should fulfil certain criteria to become a potent
drug molecule. Drug development procedure involves the
assessment of ADME properties of a molecule which
stands for absorption, distribution, metabolism and excre-
tion. A potent molecule should reach the target in optimum
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3'-hydroxy-4'-methoxy_tyrosinase

§'-prenylglabridin_tyrosinase Kojic acid_tyrosinase

Fig.6 Hydrophilic and hydrophobic interaction between ligand (glabridin, 5'- formylglabridin, Kojic acid, R- glabridin, 5'prenylglabridin and 3'-
hydroxy -4' methoxyglabridin) with modelled hTYR
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Table 2 Comparative analysis of molecular interaction of kojic acid and ligand molecules (Glabridin and its few derivatives) with tyrosinase

enzyme

Interacting residues of modelled Tyrosinase enzyme in docked structure

Ligand molecule Hydrogen Bond Hydrophobic bond residues Common interacting | Other interact-
bonding  length residues of glabridin | ing residues
residues and other dervatives

(Similar to kojic
acid)
Kojic acid His 338 2.13 His 155, His 177, Ser 355, .
His 365  2.20 850, Met 349, Val 352, GIn
His342 1.9 351, INTRRE
Glabridin Cu 227 Phe 322, His 338, Val 352, His
His 155  2.22 342, §Er350, 11c 343, Gln 334, Phe 322
Ser 355 2.90 Ser 335, Ser 333, Ala 332
His 177 2.08 Ser 330
3.04 Ser 355
5 formyl glabridin _ Arg 171 3.83 Ser 159, Leu254, Met 160, Val Yal352 Tle 343
Asp 161 2.70 352, Asp 174, Phe 322, His B S His 155
lel73  2.83 177, His 342, llc 343, Seri350. _ Argl71
Glu178  2.97 Ser 335, IVSEED) Asn 339
5 Prenyl Argl7l 237 Phe322, Glul78, Aspl74, Lt
S61350, His 338, Val 352, His His 177
glabridin 342, His 177, ser 159

R- Glabridin His155 2.22

Aspl74 2.82

Phe322, Ala322, 11e343
Glu334, Ser335,

, Val

3.10 352, His342, His 338
His177 2.08
3’-Hdroxy-4'- SER335 2381 INTEEL], Ser333, Phe322,
SER-333 307,282  Val352, His177, His342,
Methoxyglabridin ~ ALA332 270 His338

concentration and stay there in bioactive form long enough
for the expected biologic event to occur (Daina et al.
2017). Pharmacokinetics profile of the small molecule is
important in drug discovery process. Swiss ADME results
were categorised in 6 areas namely physiochemical proper-
ties, lipophilicity, water solubility, pharmacokinetics, drug
likeness and medicinal chemistry. Bioavailability radar
provides the first glance at the drug-likeness of a mol-
ecule. ADME results detailed in Table 3 reveals that, all
derivatives of glabridin acquire acceptable drug like prop-
erties in addition to the other drug likeness parameters. All

derivatives satisfied all the rule, MW <500 Da, LogP <5,
nHBD <5, NHBA < 10 and TPSA < 140 A?) except glabr-
din dimer which has molecular weight more than 500 Da
and 2'-0,5'-C-diprenylglabridn whose log P value was
higher than 4.15. All the compounds water solubility is
moderate to poor. None of the compound are violating
more than one rules of Rule 5 which is acceptable in case
of natural compounds especially the molecular weight.
All molecules have TPSA < 140, and most importantly the
logKp which denotes the skin permeability is within the
standard range of — 8.0 to— 1.0. A parameter analysed by
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Fig.7 Testing the effect of glabridin on melanin production in
B16F10 melanoma cell lines; A: Effect of glabridin’s different con-
centrations on melanin production is dose dependent. Significant
reduction in melanin production was observed with increase in dos-
ages, B: Effect of glabridin on cell viability. BI6F10 cells were
treated with varying concentrations of glabridin (5-200 pg/ml) for

Molinspiration web server is enzyme inhibition availabil-
ity. All molecules have enzyme inhibition capability which
ranged between 0.37 and 0.63. All the molecules included
in this study showed the ADME parameters (Molecular
weight, Log P, no of hydrogen bond donor, no of hydrogen
bond acceptor, no of rotatable bond, TPSA, no Lipinski
rule violation, Log Kp, Enzyme inhibition capability, Syn-
thetic accessibility) results within favourable range. Thus,
all have good oral bioavailability or permeability. Similar
analysis was performed by Ibrahim et al. 2020 for some
derivative molecules as elevators of p53 protein levels.
Molecular properties and bioactivity analysis by Molin-
spiration web server (data tabulated as supplementary

@ Springer

24 h and 48 h. Bright field images were captured, and representative
images for control and treatments are provided to indicate the mor-
phological changes at two concentrations (5 and 40 pg) of glabridin.
Cellular viability was measured via MTT assay and cell viability was
calculated in percentage and IC 50 was also determined

material 5S) projected all molecules as enzyme inhibitor.
All molecules in this study are projected as potential drug
molecule. Even though majority of our molecules could
be considered further for analysis as drug candidate based
on ADME properties and calculation of molecular prop-
erties and bioactivity score prediction by Molinspiration
web server, we present only few molecules [Glabridin,
5'-formylglabridin, 5'- prenylglabridin, Glabridin Dimer,
R- Glabridin and 3’-hydroxy-4'- methoxyglabridin] having
lower binding affinity score than glabridin for the molecu-
lar dynamic simulation studies in comparison to positive
control kojic acid along with Apo protein.
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Comparison of Tyr (apo-protein) with Tyr in complex
with Kojic acid, glabridin and its derivatives

Comparative analysis of simulated trajectories of native pro-
tein, control ligand kojic acid and 5'-formylglabridin, glabri-
din, 5’ prenylglabridin, (R)—Glabridin and 3’ hydroxy—4'
methoxyglabridin were analysed in terms of root mean
square deviation (RMSD), root mean square fluctuation
(RMSF) and Radius of gyration (Rg) and Solvent Acces-
sible Surface Area (SASA) plots with respect to time. The
MD simulations studies were used to compare the binding of
Glabridin and its derivatives with tyrosinase. The RMSD of
backbone showed slight increase at initial stages, which was
stabilized later during the course of simulation (Fig. 8A).
Comparative RMSD analysis suggested that the binding of
ligands molecules stabilises the TYR structure compared to
the RMSD observed in apo-protein. The average RMSD of
backbone was highest for TYR itself in comparison to TYR
in complex with different ligands (Table 4). It depicts more
stability of the complex as lower RMSD values indicate for-
mation of more stable complexes (Sen Gupta et al. 2020).
RMSF was plotted to compare and analyse the flexibility
behaviour of the complex residues. The RMSF of C-alpha
atoms of protein were higher in between residues 175-275 of
TYR, which is binding region for Kojic acid and its deriva-
tive, rest of the structure remained stable (Fig. 8B). Protein
structure compactness and stability can correctly be defined
in terms of the radius of gyration (Rg) (Bhardwaj et al. 2020;
Kalhor et al. 2020). The average Rg value for apo-protein
is depicted near 2.13 nm by a small fall from the initial to
the end of MD simulation. The Kojic acid-TYR complex
showed the small fall till 10,000 ps (Fig. 8C) after that it
maintained the structural stability till the end of simulation.
The average Rg for Kojic acid-TYR complex is near 2.1 nm,
although the average Rg value for TYR-grabridin complex
and complex of glabridin derivatives with TYR is>2.1 nm.
The decline in total SASA score confirms less availability of
residues to the solvent and further compaction upon binding
of the ligands, which is quite evident in the case of TYR-
Kojic acid and TYR- 5' formylgrabridin complex and other
complexes (Fig. 8D). The decrease in total SASA is vali-
dated by decrease in the number of intramolecular hydrogen
bonds (Fig. 9), since hydrogen bonds are important for stable
and precise binding (Sigala et al. 2009; Qiu et al. 2018). All
complex of glabridin and its derivatives with TYR appears
more reliable and stable in terms of RMSD, RMSF and Rg
in comparison to Kojic acid complexed with TYR. Compar-
ative analysis of SASA results of tyrosinase and its complex
with kojic acid and other complexes suggested that glabri-
din and its derivatives are the stable ligand which shows its
potential binding to TYR. Similar analysis was performed by
Umesh et al. 2021 for identifying new anti-CoV drug chemi-
cal from Indian spices targeting SARS-CoV-2 main protease.

MW Molecular weight, LogP Log of octanol/water partition coefficient, nHBA Number of hydrogen bond acceptor (s), nHBD Number of hydrogen bond donor (s), nRotB Number of rotatable

bonds, Log Kp Log of skin permeability, TPSA Total Polar surface area. EI Enzyme inhibition, SA Synthetic accessibility, 2D- Structure- 2-dimensional structure, Bio-RAD Bioavailability
Radar (6 vertices represents six parameters- Lipophilicity, Size, Polarity, solubility and flexibility). Range of standard values for drug like molecule: Lipophilicity- 0.7 <LogP3 < +5.0; size—

150 g/mol <MV <500 g/mol, polar-20A°2 < TPSA < 130 A°2; Insolubility- 0.25 < FractionCsp3 < 1; flexibility- 0 <no of rotatable bond <9

Table 3 (continued)
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Fig.8 Molecular dynamic simulation studies of modelled Human
Tyrosinase enzyme (hTYR), control ligand kojic acid complexed
with TYR and 5'- formylglabridin ligand complexed with hTYR.
A: Graphic presentation of root mean square deviation (RMSD) of
apo-proteins and complex structures. B: Graphic presentation of

Table 4 The average RMSD of protein backbones during the molecu-
lar dynamic simulations

System Average RMSD of
protein Backbone

TYR (apo protein) 35A

TYR- Kojic acid 35A

TYR-5"-formylglabridin 32A

TYR-5"-prenylglabridin 34 A

TYR-glabridin dimer 32A

Conclusion

The current approaches employed in identification of tyrosi-
nase inhibitors recognises glabridin and its natural and semi-
synthetic derivatives for their bioactive potential as tyrosi-
nase inhibitor. Glabridin derivatives have not been explored
for their role in tyrosinase inhibition. The primary objective

@ Springer

root mean square fluctuation (RMSF) of apo-proteins and complex
structures. C: Graphic presentation of radius of gyration (Rg) of apo-
proteins and complex structures. D: Graphic presentation of Solvent
Accessible Surface Area (SASA) of apo-proteins and complex struc-
tures

of the present study was to search for the potential and effec-
tive molecules that could inhibit tyrosinase or suppress the
production of melanin so that they can be used as effective
and safe skin care and cosmetic agents. Through molecular
docking in virtual model of human tyrosinase (hTYR) we
demonstrated the inhibitory effect of glabridin and glabri-
din derivatives. The glabridin derivatives molecules exhib-
ited active binding with human tyrosinase. Manual ranking
of these molecules based on the binding scores projected
5-formylglabridin as having the highest binding affinity
with the docking score -9.3. HIS 338, HIS 177, HIS 342,
SER 350, VAL 352, ASN 339, PHE 322, SER 330, SER
355, ILE 343, HIS 155 and ARG 171 were found to be
important residues for binding of ligands in the active site
of human tyrosinase model. Glabridin effectively controlled
the melanin production in B16F10 melanoma cells. Even
though, all the glabridin derivatives successfully docked
with the modelled tyrosinase enzyme but, four molecules
namely 5'-formylglabridin, glabridin dimer, (R)-Glabridin
and 5'prenylglabridin were identified as potent inhibitor of
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Fig.9 Graphic representation
of Hydrogen bonding pattern
of complexes of TYR enzyme
with kojic acid, glabridin and

—— TYR- R-glabridin
—— TYR- 5'-Prenyl-Glabridin
TYR- 5'-formylglabradin —— TYR- Kojicacid

TYR- Glabridin dimer TYR- Glabridin
TYR- 3'-Hydroxy-4'-Methoxyglabridin

its derivatives during molecular
dynamic simulation

H-bonds

hTYR based on their higher binding affinity than glabridin.
ADME properties analysis projected all studied molecules
as drug candidate because they followed all criteria required
for absorption, distribution, metabolism and excretion and
didn’t violate the rule 5. Further, molecular simulation
studies also confirmed the effective binding of glabridin,
5'-formylglabridin, R- glabridin, 5'- prenylglabridin, glabri-
din dimer and 3’-hydroxy-4'methoxyglabridin with hTYR
authenticating the binding of it for inhibition mechanism and
appears better candidate than thecommonly used kojic acid
for hyper pigmentary conditions. However, the complete
prospects of these compounds need to be explored further
in wet lab studies before being used as an ingredient in anti-
hyperpigmentary formulations.
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