Food and Chemical Toxicology 125 (2019) 383-391

Contents lists available at ScienceDirect = Food and
Toxicology
Food and Chemical Toxicology
journal homepage: www.elsevier.com/locate/foodchemtox i

Check for
updates

Inhibitory effects of compounds isolated from Lepechinia meyenii on
tyrosinase

Maria Inés Crespo”, Macarena Funes Chabéan®, Priscila Ailin Lanza”, Mariana Belén Joray?,
Sara Marfa Palacios®, D. Mariano Adolfo Vera™**, Marfa Cecilia Carpinella™"
2 Fine Chemical and Natural Products Laboratory, School of Chemistry, IRNASUS-CONICET, Catholic University of Cérdoba, Avda. Armada Argentina 3555, X5016DHK,

Cérdoba, Argentina
Y Department of Chemistry, QUIAMM — INBIOTEC —CONICET, College of Exact and Natural Sciences, National University of Mar del Plata, Mar del Plata, Argentina

ARTICLE INFO ABSTRACT

To contribute enzymatic browning inhibitors to the food industry and also extend knowledge about the phy-
tochemical profile of the anti-tyrosinase plant Lepechinia meyenii, its ethanol extract was subjected to bioguided
fractionation. Three hydroxycinnamic acids, p-coumaric acid (1), caffeic acid (2) and rosmarinic acid (3), were
isolated as mainly responsible for its activity. Compounds 1, 2 and 3 showed themselves highly effective for
inhibiting tyrosinase with ICsq values of 0.30, 1.50 and 4.14 pM, respectively, for monophenolase activity and
0.62, 2.30 and 8.59 uM, respectively for diphenolase activity. This is the first report describing the isolation of
the compounds causing the tyrosinase inhibitory activity of L. meyenii extract. The inhibitory kinetics of 1-3
using both L-tyrosine and L-DOPA as substrates was investigated and the results obtained were discussed at
molecular level by docking analysis. The resulting compounds 1-3 and a phenolic-enriched fraction of the
extract, 2.9-fold more active than the starting material, may be suitable as non-toxic and inexpensive alternatives
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for the control of deleterious enzymatic darkening.

1. Introduction

Tyrosinase (EC 1.14.18.1, Syn polyphenol oxidase PPO) is a copper-
containing oxygenase that plays a critical role in the food industry due
to its participation in the enzymatic browning of shellfish and plant-
derived foods and beverages. This process takes place when the enzyme
and its polyphenolic substrates are mixed during post-harvest proces-
sing and storage (Chiari et al., 2010). Although the darkening reaction
improves the quality of certain products (He et al., 2008), it is also the
main cause of undesirable change in the colour of agricultural products,
with losses of up to 50% in vegetables and fruits (Jukanti, 2017). In
addition, enzymatic browning reduces the market value of shellfish due
to the deleterious appearance of its cuticle (Coates and Nairn, 2013).
During the darkening, tyrosinase catalyzes the hydroxylation of
monophenols to o-diphenols, and the oxidation of these to the corre-
sponding o-quinone, which then polymerizes to form the final dark
brown pigments (Larik et al., 2017). o-Quinones are powerful electro-
philes, which can suffer nucleophilic attack by water, other poly-
phenols, amino acids, peptides and proteins (Rouet-Mayer et al., 1990)

leading to a diminished digestibility and nutritional quality of food as
well as to the formation of toxic compounds (Friedman, 1996; Kim and
Uyama, 2005). Identifying inhibitors of tyrosinase to maintain the ap-
pearance, flavour, texture and nutritional value of many horticultural
and sea products remains a challenge for academia and industry.

Over the years, plants have attracted interest as a source of com-
pounds with different bioactivities (Carpinella and Rai, 2009; Cespedes
et al., 2013; Gonzalez et al., 2017, 2018; Joray et al., 2011, 2015, 2017;
Palacios et al., 2010; Rai and Carpinella, 2006) and market studies have
confirmed that there is increasing global demand for plant-derived
products (Bart and Pilz, 2011). In most cases, inhibitors from natural
sources are considered free of harmful side effects and, therefore, to
have great potential in the food industry (Kim and Uyama, 2005;
Maisuthisakul and Gordon, 2009). Although the literature on tyrosinase
inhibitors of plant origin is extensive (Kim and Uyama, 2005; Lee et al.,
2016; Wu, 2014), it is estimated that only 6 and 15% of terrestrial flora
have been evaluated pharmacologically and phytochemically, respec-
tively, to find bioactive principles (Atanasov et al., 2015). This lack of
studies also applies to species of native flora from Argentina, only 1% of
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Abbreviations

DMSO  dimethyl sulfoxide

HPLC-DAD High-Performance Liquid Chromatography with diode-
array detection

L-DOPA 3,4-dihydroxy-L-phenylalanine

MM molecular mechanical
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide

ONIOM Own N-layered Integrated molecular Orbital and mole-
cular Mechanics

PBMC  peripheral blood mononuclear cells

PHA lectin from Phaseolus vulgaris

QM quantum mechanical

RMSD  root mean square deviation

TLC thin layer chromatography

VLC vacuum liquid chromatography

VMD visual molecular dynamics

which are considered to have been explored (Gonzalez et al., 2017).
The plant kingdom and most Argentinian species thus still constitute an
outstanding reservoir of anti-tyrosinase chemical entities.

The great interest in tyrosinase inhibitors encouraged us to search
for such chemicals among 91 native plants from central Argentina. This
study showed Dalea elegans, Lepechinia meyenii and Lithrea molleoides to
be highly effective in inhibiting phenoloxidase (Chiari et al., 2010).
Two highly potent anti-tyrosinase compounds, identified as (Z,Z)-5-
(trideca-4,7-dienyl)-resorcinol (Chiari et al., 2010) and 5,2’,4'-trihy-
droxy-2”,2”-dimethylchromene-(6,7:5”,6”)-flavanone (Chiari et al.,
2011) were obtained from L. molleoides and D. elegans, respectively.

For this study, L. meyenii, described for the first time as an anti-
tyrosinase plant by our group (Chiari et al., 2010) and lacking in-
formation about the metabolites causing this inhibitory effect, was se-
lected as the starting material to identify compounds with promising
inhibition on tyrosinase. L. meyenii belongs to the Lamiaceae family and
is distributed in the west of South America, in the Andes between 1500
and 4500 m, in Argentina, Bolivia and Peru. It is used within the tra-
ditional medicinal system of the original peoples of the Peruvian Andes
for the treatment of coughs, diarrhoea, burning feeling in the stomach,
pain in the joints and as an antispasmodic (de la Cruz et al., 2014;
Hammond et al., 1998). The ethanol extract of L. meyenii showed an-
tibacterial activity (Rojas et al., 2003). Nevertheless, only two reports
describe the isolation of compounds from L. meyenii extracts (Bruno
et al., 1991; Castillo and Lock, 2005).

We describe here the bioguided fractionation and the study of the
metabolites causing the anti-tyrosinase activity of L. meyenii and, as a
consequence, increase the limited knowledge about the phytochemistry
of this plant that is suitable for use in food and nutraceutical applica-
tions. The kinetics and the mechanisms of inhibition at molecular level
of these compounds are discussed. The chemical characteristics of the
anti-tyrosinase principles isolated led us to obtain a phenolic-enriched
fraction as a promising product for preventing enzymatic browning.

2. Materials and methods
2.1. Plant material and extractions

Lepechinia meyenii (Walp.) Epling was collected from November to
March in the hills of Cérdoba Province, Argentina. A voucher specimen
(UCCOR 233) has been deposited in the ‘Marcelino Sayago’ Herbarium
of the School of Agricultural Science, Catholic University of Cérdoba
and was authenticated by the botanist, Gustavo Ruiz. For extraction,
crushed air-dried plant material (100 g) was extracted for two days with
700 ml ethanol (96%) using Soxhlet. The yield of extract, obtained after
exhaustive solvent removal and expressed as percentage weight of air-
dried crushed plant material, was 18.25%.
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2.2. Chemicals, equipment and reagents

L-Tyrosine, 3,4-dihydroxy-L-phenylalanine (L-DOPA), lyophilised
mushroom tyrosinase, lectin from Phaseolus vulgaris (PHA) and caffeic,
p-coumaric and rosmarinic acids were purchased from Sigma-Aldrich
(St. Louis, MO). Kojic acid was obtained from Merck (Darmstadt,
Germany). Silica gel (70-230 mesh) and Sephadex LH20, both used for
column chromatography, were purchased from Sigma-Aldrich. All
solvents were HPLC grade. Analytical and preparative thin layer chro-
matography (TLC) plates were purchased from Analtech (Newark, DE).
Sep-pak Plus C18 cartridges were obtained from Waters (Waters,
Ireland). 'H and '>C-NMR spectra were recorded with a Bruker
AVANCE II 400 spectrometer (Bruker Corporation, Ettlingen, Germany)
operated at 400 MHz for 'H and at 100 MHz for the '3C nucleus.
Chemical shifts (parts per million) are relative to internal tetra-
methylsilane used as a reference (d = 0.00). For quantifying the pure
compounds, HPLC-DAD was performed on a Shimadzu LC-10 AS
(Shimadzu Corp., Tokyo, Japan), equipped with a Luna C18,
250 X 4.6 mm reversed-phase column, eluting with 25% or 50% me-
thanol in water acidified with perchloric acid (pH 2.2) as a mobile
phase and UV detection at 210nm and 320 nm. ClogP values were
calculated using ChemDraw Ultra software - CambridgeSoft,
Cambridge, UK.

2.3. Bioguided isolation of the active principles from L. meyenii

For the purification process of the tyrosinase inhibitors, the ethanol
extract from L. meyenii was submitted to vacuum liquid chromato-
graphy (VLC) on silica gel with a hexane/diethyl ether/methanol gra-
dient to finally afford six fractions (F1-F6) grouped according to their
TLC profile. F4 and F5 showed more than 90% tyrosinase inhibition at
25 pg/ml using L-tyrosine as a substrate and were therefore subjected to
additional separation methods for further purification. F4 was fractio-
nated by VLC using the same solvent mixture at increasing gradient.
Five fractions were obtained (F4.1-F4.5) and the active F4.2 (90% in-
hibition at 25ug/ml), eluted with hexane/diethyl ether 50:50, was
further purified in a Sephadex LH-20 column, eluting with hexane/
chloroform/methanol 2:1:1 at a flow rate of 1 ml/min. The fractions
obtained were grouped in accordance with TLC analysis to finally yield
eighteen fractions (F4.2.1-F4.2.18). F4.2.14 and F4.2.15, showing >
95% inhibition at 12 ug/ml, were of high purity, yielding p-coumaric
acid (1) (Fig. 1) (85% purity, by HPLC) and caffeic acid (2) (Fig. 1)
(80% purity, by HPLC), respectively. F5 was processed by reversed-
phase preparative TLC (methanol/water/perchloric acid 10:10:0.01),
and a pure compound was obtained as a yellow powder with 70%
tyrosinase inhibition at 12 pg/ml. This compound was then identified as
rosmarinic acid (3) (Fig. 1) (88% purity, by HPLC).

Fig. 1. Chemical structures of p-coumaric acid (1),
caffeic acid (2) and rosmarinic acid (3).
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Isolated compounds were identified by comparison with commer-
cial standards by HPLC-DAD. The 'H and **C-NMR spectra obtained for
these compounds fully matched those previously reported (An et al.,
2008; Li et al., 2016; Lin et al., 2011a). Compounds 1-3 were quantified
by HPLC and their yields in mg per 100 g of dried and crushed plant
material were 6.2; 11.3 and 597.0, respectively, and per 100 g of extract
34, 62 and 32.7 mg, respectively.

2.4. Tyrosinase inhibitory assay

Tyrosinase inhibitory activity was determined according to the
method described in our previous reports (Chiari et al., 2010, 2011).
Briefly, 2 ul of 2500 U/ml of mushroom tyrosinase was mixed with 10 pl
of each fraction or compound to be tested, previously dissolved in
ethanol or methanol at the desired concentrations, together with 50 mM
phosphate buffer (pH 6.5) to reach a final volume of 160 pl. Ethanol or
methanol, or kojic acid, dissolved in 50 mM phosphate buffer, were
added as solvent and positive controls, respectively. The reaction
mixture was incubated at 37 °C for 90 min with gentle agitation. During
this time, the absorbance remained unchanged. Finally, 40 ul of 2.5 mM
L-tyrosine or L-DOPA in phosphate buffer were added and the absor-
bance of each solution was monitored immediately (t = 0) and at 5 or
2min intervals, respectively, for the formation of dopachrome, which
was followed by an increase in absorbance at 450 nm. Measurements
were repeated for up to 15 min for monophenolase activity and up to
6 min for diphenolase activity. Differences in absorbance between each
time measured and time zero were calculated and the inhibition per-
centage was determined with respect to the solvent control. The in-
hibitory effect was calculated as the concentration of inhibitor leading
to 50% tyrosinase activity (ICsg).

The kinetic behaviour of 1-3 on mushroom tyrosinase was analysed.
Experiments were conducted using the same protocol described above
with several concentrations of L-tyrosine, L-DOPA or of the inhibitors.
The kinetic parameters (Michaelis constant = Km, maximum reaction
velocity = Vmax and the inhibitions constants Kj or aKj) and the type
of inhibition were determined by nonlinear regression analysis of the
enzyme activity versus the substrate concentration diagram (Graph Pad
Prism Software version 7.0, USA), using a Michaelis-Menten kinetic
derivation. Lineweaver-Burk plots were created to display the data.

2.5. Preparation of the phenolic fraction from L. meyenii extract

Enrichment in phenolic compounds was performed with a similar
method to that described in Chirinos et al. (2008). Briefly, the water-
soluble fraction from the ethanol extract was passed through a pre-
viously activated C18 Sep-pak cartridge. Polar compounds were eluted
with acidified water (0.01% HCI). The resulting phenolic fraction was
then eluted with acidified methanol (0.01% HCI). When the methanol
was removed, the residue was re-dissolved in water and submitted to a
partition with ethyl acetate. The organic phases were assembled and
evaporated to dryness. This resulting fraction is referred to as the
phenolic fraction and its yield was 20 g per 100 g of extract.

2.6. Determination of the total phenolic content

The total phenolic content of the extract and of the phenolic fraction
was measured using the colourimetric Folin-Ciocalteu method
(Ainsworth and Gillespie, 2007). Briefly, 100 pl of a properly diluted
sample (2mg/ml in 95% methanol) was added to 8.4 ml of distilled
water and mixed with 500 pl of the Folin-Ciocalteu phenol reagent.
After 5min, 1 ml of 15% Na,CO5; was added to the solution. The re-
action mixture was incubated for 2 h at room temperature, and optical
density was measured at 760 nm. A calibration curve was prepared
using a standard solution of gallic acid (10 mM, r? = 0.998). The results
were expressed as mol of gallic acid equivalents (GAE) per 100 g of
sample.
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2.7. Cytotoxicity on peripheral blood mononuclear cells (PBMC)

PMBCs were obtained by density gradient centrifugation (Ficoll)
from fresh heparinised blood of healthy human volunteer donors fol-
lowing our reported protocol (Gonzalez et al., 2017, 2018; Joray et al.,
2015). The study was approved by the Ethical Committee of the
Catholic University of Cérdoba Research Ethics Board. Signed informed
consents were obtained from donors. For the cytotoxicity assay,
1 x 10° PBMC/well were incubated in duplicate in 96-well plates
containing RPMI 1640 with PHA 10ug/ml, in the presence of in-
creasing concentrations of the extract, the phenolic fraction
(0.60-100 pg/ml) or the compounds 1-3 (3-500 uM) or with 1% DMSO
(solvent control) for 48 h at 37 °C with 5% CO,. After incubation, 20 uL
of MTT (5 mg/mL) solution was added and the plates were further in-
cubated at 37 °C for 4h. After removing the incubation medium, the
resulting purple formazan crystals were dissolved with 100 uL. DMSO.
MTT reduction was quantified by determining the absorbance at
595 nm in an iMark micro-plate reader (Bio-Rad, USA) (Gonzalez et al.,
2017, 2018; Joray et al., 2015). The percentage of cytotoxicity was
determined and the 50% (ICsq) inhibition on viability was calculated.

2.8. Molecular modelling

The structural model of the met tyrosinase was built from the X-ray
structure with the PDB ID 2Y9X of the Agaricus bisporus tyrosinase with
a tropolone inhibitor co-crystallized (Ismaya et al., 2011). Since this
structure corresponds to an inactive form of the enzyme, the right co-
ordination and oxidation states of the current met site were rebuilt using
a QM/MM protocol. An hydroxide anion was placed between the two
copper ions in a similar position to that found in the experimental
structure of the met form of the apo enzyme (PDB ID 2Y9W). Prior to
perform the docking simulations, the charge distribution of the active
site was characterised by means of DFT (Density Functional Theory)
calculations in a hybrid QM/MM framework. Water molecules, double
occupation and other details were fixed and the hydrogens were added
using the leap facility of AmberTools (Bayly et al., 1993). The resulting
structure were used for a QM/MM energy minimization using the
ONIOM (Clemente et al., 2010) implementation of Gaussian 09 (http://
www.gaussian.com). The Quantum layer involved the two copper ions,
the bridging hydroxide, the six coordinated histidines (H61, H85, H94,
H258, H263 and H296) and a cysteine, C83, which is covalently bonded
to the imidazole ring of the ligand H85. This layer was treated at the
CAM-B3LYP/6-31 + G* level of theory (Yanai et al., 2004) and the rest
of the protein was classical with electrostatic embedding using UFF
(Rappé et al., 1992) initial charges. The classical portion of the system
was held fixed in the positions of the X-ray structure, whilst the
quantum part was fully optimized except for the Ca and the backbone
H, N, C and O atoms of these quantum amino acids. The charge analysis
of the QM atoms was done using MKUFF, with a slight modification of
the Merz-Singh-Kollman charges for the ESP and RESP charges with
suitable radius for Cu(Il) ions (Besler et al., 1990).

These charges fitted the quantum electrostatic potential and thus
were further used for the docking simulations. For this last, the
Autodock 4.2.6 package (Morris et al., 2009) was used, precomputing a
grid inside a box of 36.4 x 35.4 x 36.4 A3, roughly centered at the
hydroxyl group between the two ions, with a grid spacing of 0.2728 A.
For each inhibitor, 1000 runs of a Lamarckian genetic algorithm
(Morris et al., 1998) were performed, each of them with a population of
300 individuals, up to 100,000 generations, with 1 survivor per gen-
eration, a limit of 5 X 10 © energy evaluation and the remainder al-
gorithm control parameters set to program defaults. The standard Au-
todock 4.2.6 estimation for the inhibition constants and for the free
energy of binding were informed after performing a cluster analysis
with a 2.5A as criteria for RMSD. The analysis and visualization of
results were done using MGLTools and VMD 1.8.7 (Humphrey et al.,
1996).
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Regarding the oxy form of tyrosinase, the same experimental
starting structure was used. However, the setup was more complex than
for the met form, since the coordination site changed remarkably be-
tween the two active forms of the enzyme. In first place, the overall
electrostatics changed in +1. In addition, and not less relevant, the
distance between the Cu(Il) ions drastically changed in almost 1 A, as it
could be observed by comparing the 2Y9X to the coordination site of
the oxy tyrosinase from Streptomyces castaneoglobisporum (2ZW9). This
change also influenced the position of the coordinating histidines and of
the surrounding residues. Finally, and probably the most critical dif-
ference, the unusual p*n%n? bonding involving the couple of Cu(II)
ions bridged by a side-on a peroxide ligand, which is expected to draw a
different electrostatic potential in the copper ions and in their ligands.

Taking into account all these differences, a very large Quantum
region was calculated in the ONIOM protocol and then fully optimized.
The quantum layer comprises the same residues as in the met form of
the enzyme and also including the residues 160, G62, L63, N81, Y82,
T84, G86, F90, W93, M280, G281, S282, V283 and P284. The inter-
nuclear oxo residue was drawn in the middle of the ions (zoom of the
coordination site in Fig. S1; Supplementary material) and allowed to
fully optimize, it rendering a set of distances O—0O, O—Cu and the
corresponding angles very similar to the crystallographic positions of
the oxy structure 2ZW9 of the bacterium. Residues in contact to them in
the classical region were also fully optimized and the rest of the protein
heavy atoms were fixed in the crystallographic positions, letting the
hydrogens to optimize. From this point, the same full protocol followed
for the docking of the met tyrosinase was carried out.

2.9. Statistical analysis

All samples were tested at least in triplicate. Statistical analyses
were conducted using GraphPad Prism software (Graphpad Prism 7.0,
Graphpad Software, Inc., CA, USA). The results are expressed as
mean * SEM. The statistical difference of the inhibitory activity of
tyrosinase compared to the positive control or between the extract and
the phenolic fraction was calculated by unpaired Student's t-test (one-
tailed). A p-value < 0.05 was considered as statistically significant. The
ICso values were calculated responding to at least five concentrations of
each tested sample at a 95% confidence level with upper and lower
confidence limits.

3. Results and discussion

3.1. Isolation and structural elucidation of the active compounds from L.
meyenii

Responding to the need for new agents with anti-tyrosinase activity
and motivated by the limited phytochemical knowledge about the rich
flora from Argentina, screening for tyrosinase inhibition was performed
with extracts obtained from a large number of native plants (Chiari
et al., 2010). This study determined for the first time that the ethanol
extract obtained from L. meyenii exhibited potent tyrosinase inhibitory
activity (Chiari et al., 2010). Based on this promising result, the L.
meyenii extract was subjected to bioguided fractionation, yielding the
hydroxycinnamic acids 1, 2 and 3 (Fig. 1) as the main agents re-
sponsible for its activity. This is the first description of the compounds
causing the anti-tyrosinase properties of L. meyenii.

3.2. Effects of the isolated compounds on the activity of mushroom
tyrosinase

The isolated compounds were subjected to tyrosinase inhibition
assay with L-tyrosine or L-DOPA as substrates. The resulting ICs, values
are summarised in Table 1. The results revealed that compound 1 was
the most potent tyrosinase inhibitor, followed by 2 and then 3.

This result matches that reported by Lee et al., who found that
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compound 1, followed by compound 2, were the most effective for
inhibiting tyrosinase among 17 natural compounds assayed (Lee et al.,
2012). When L-tyrosine was used as a substrate, 1, 2 and 3 were re-
spectively 111, 22 or 8 times more active than the positive control,
kojic acid (p < 0.05) (Table 1), a fungal metabolite that has been used
as a food additive to prevent enzymatic browning and as a skin-light-
ening agent (Burdock et al., 2001). Regarding diphenolase activity, 1, 2
and 3 were 63, 17 and 4-fold, respectively, more effective tyrosinase
inhibitors than the reference compound (p < 0.05) (Table 1).

The half-inhibitory concentrations of compounds 1, 2 and 3 de-
monstrated that the compounds were 213, 39 and 7 times, respectively,
more potent than the complete L. meyenii extract for monophenolase
activity (ICso for 1, 2, 3 and the extract = 0.049, 0.27, 1.49 and
10.43 ug/ml, respectively) while being 294, 72 and 10-fold, respec-
tively, more effective than the extract for diphenolase activity (ICso for
1, 2, 3 and the extract = 0.10, 0.41, 3.09 and 29.75ug/ml, respec-
tively). These results indicate that the presence of 1-3 confers the anti-
tyrosinase effect to the plant.

The bioassays with 1-3 showed a dose-dependent inhibitory effect
with either L-tyrosine (R? = 0.988, 0.952 and 0.984, respectively) or L-
DOPA (R? = 0.987, 0.954, 0.976, respectively) as substrates (Fig. 2).

Both 1 and 2 are proposed to be natural substrates of tyrosinase
(Garcia-Jimenez et al., 2017) due to their resemblance, like 3, to L-
tyrosine and L-DOPA. Indeed, Garcia-Jimenez et al. (2018) described 1
and 2 as substrates of mushroom tyrosinase when added at 50 uM in
presence of 4-tert-butylcatechol (TBC) and hydrogen peroxide (H,0,),
avoiding melanin biosynthesis by diverting the pathway to different o-
quinones. The structural similarity of the hydroxycinnamic acids to the
natural ligands may lead to expect a competitive inhibition, but dif-
ferent results are found in literature. Regarding the inhibition on the
catalysis of L-tyrosine, compound 3 was described as a competitive
inhibitor of mushroom tyrosinase (Kang et al., 2004). However, as far
as we know, the only kinetic study with 1 using L-tyrosine as a substrate
reported the compound as a classical non-competitive inhibitor
(Takahashi and Miyazawa, 2010), while no investigations regarding the
type of inhibition of 2 with this substrate have been carried out. With L-
DOPA as substrate, contradictory results are found in the published
literature (Garcia-Jimenez et al., 2018; Gunia-Krzyzak et al., 2018).
While compound 1 was a mixed-I type inhibitor according to Lim et al.
(1999), Shi et al. and Hu et al. (Hu et al., 2016; Shi et al., 2005) re-
ported it as a competitive inhibitor. On the other hand, 2 and 3 were
reported as classical non-competitive inhibitors (Lee, 2002; Lin et al.,
2011b). To throw light on these discrepancies, kinetic analysis for 1-3
using both substrates was performed accompanied by a docking study.

Using a Michaelis-Menten kinetic model, V. and K;, values for
tyrosinase were determined as 0.017 * 0.006 AAbs min~' and
0.5 = 0.1uM, respectively, with L-tyrosine as substrate, and as
0.10 = 0.04 AAbs min~! and 0.4 * 0.1uM, respectively, with L-
DOPA. The results of the kinetic analysis of inhibition for each com-
pound under the conditions employed in the current assays are sum-
marised in Table 2. The inhibition mechanism was also supported by

Table 1
Inhibitory effects of the isolated compounds 1-3 on tyrosinase activity.
Compound ICso (UM)?
L-Tyrosine” L-DOPA®

1 0.30 (0.20-0.44)*
2 1.50 (1.04-2.16)*
3 4.14 (2.84-6.03)*
kojic acid 33.45 (28.91-38.70)

0.62 (0.48-0.81)*
2.30 (1.12-4.75)*
8.59 (6.59-11.20)*
38.98 (31.79-47.79)

*p < 0.05 compared to kojic acid.
? ICsp values and 95% confidence limits (lower, upper).
> Value at 10 min from the start.
¢ Value at 2 min from the start.
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Fig. 2. Dose-dependent effect of 1-3. Compounds or kojic acid were incubated with tyrosinase at 37 °C with (A) L-tyrosine or (B) L-DOPA as substrates. Data

represent the mean + SEM for two independent experiments.

Table 2
Kinetic parameters of the enzyme with L-tyrosine or L-DOPA as substrates with
different concentrations of p-coumaric acid (1), caffeic acid (2) and rosmarinic
acid (3).

L-Tyrosine

Compound K; (uM) aKy (uM) Inhibition type”

1 0.033 0.002 Non-competitive a < 1 (mixed-II type)
2 2.6 2.6 Classical non-competitive a = 1

3 7 1 Non-competitive o < 1 (mixed-II type)
L-DOPA

Compound  K; (uM) aK; (UM) Inhibition type”

1 2.2 4 Non-competitive a > 1 (mixed-I type)
2 28 140 Non-competitive a > 1 (mixed-I type)
3 62 62 Classical non-competitive a = 1

2 R? = 0.981, 0.830 and 0.947 for compound 1-3, respectively.
b R2? = 0.942, 0.973 and 0.954 for compound 1-3, respectively.

the Lineweaver-Burk linear transformations and the resulting double
reciprocal plot (Fig. 3). The kinetic behaviour of tyrosinase during the
oxidation of L-tyrosine or L-DOPA in the presence of increasing con-
centrations of 2 and 3, respectively, showed a decrease in Vy,,x and an
unaltered K, (Fig. 3B and F), indicating that these are classical non-
competitive inhibitors with the capacity of combining with the free
enzyme and with the substrate-enzyme complex with identical affinity
(Copeland, 2004). As a consequence, the equilibrium constants, K; and
akKj, are the same (Table 2). The kinetic analysis for the other situations
indicated a non-competitive inhibition of the enzyme (Table 2), with
the inhibitors binding to both enzyme forms with unequal affinity
(Copeland, 2004). Since inhibitors do not bind in the active site (Hsu
et al., 2007; Huang et al., 2005), substrates can still bind to the enzyme-
substrate complex but with a lower affinity, thus avoiding its conver-
sion to product (Solimine et al., 2016). This kinetic type is often called
mixed inhibition, with no clear differences with respect to classical non-
competitive inhibitors (Solimine et al., 2016). Double-reciprocal plots
of 1 (Fig. 3D) and 2 (Fig. 3E) for the oxidation of L-DOPA gave a family
of straight lines which all intersected in the second quadrant. The in-
crease of 1 and 2 concentrations resulted in a decrease of the V., and
in an increase of Ky,. This type of inhibition is named mixed-I type in-
hibition. As observed in Table 2, aK; value is greater than Kj, thus in-
dicating a stronger affinity to the free enzyme than to the en-
zyme-substrate complex (Zhang et al., 2006). On the other hand, when
the concentrations of 1 and 3 increased and the V,.x and K, for the

oxidation of L-tyrosine decreased (Fig. 3A and C), a mixed-II type in-
hibition was observed. In this case, the value of K| is greater than that of
aK; (Table 2), indicating that the affinity of inhibitor for the free en-
zyme is weaker than that for the enzyme-substrate complex (Zhang
et al., 2006).

The effectiveness of compounds 1, 2 and 3 is in good agreement
with previous reports (Kang et al., 2004; Lee, 2002; Lim et al., 1999).
However, to the best of our knowledge, no comparisons have been re-
ported from the structure-activity point of view. It has been proposed
that the outstanding tyrosinase inhibition of cinnamic acid derivatives
relies on the presence of the double bond between the carboxyl group
and the benzene ring (Robert et al., 1997), on the free carboxylic acid
moiety in this simple aromatic ring which is able to chelate the cupric
ions of the enzyme (Oyama et al., 2016), as well as on a 4-hydro-
xybenzyl group (Shi et al., 2005). While cinnamic acid showed a weak
inhibitory activity on mushroom tyrosinase with an ICsy of 2100 uM
with L-DOPA as substrate (Shi et al., 2005), compound 1 with an OH in
position 4 showed stronger inhibition [ICso = 0.62uM and 500 uM as
observed by Shi et al. (2005)]. An extra OH at position 3 in compound 2
decreased the activity with respect to 1. This finding is in accordance
with previous reports that the hydroxylation of the benzene ring of
cinnamic acids diminished their inhibitory effect (Georgiev et al., 2013;
Kermasha et al., 1993). On the other hand, the increase in the bulkiness
of compound 3 due to the addition of the 3,4-dihydroxyphenyllactic
acid decreased its tyrosinase inhibitor effectiveness even more com-
pared to 2.

The ClogP value has been previously described as a key parameter
indicating lipophilicity, which is associated with better entry of the
inhibitors to the active site of tyrosinase (Shao et al., 2018). Although
there is no such correlation between lipophilicity and activity for
compounds 1-3 as that observed by Shao et al. (2018) for some hy-
droxypyridinone derivatives, but they rather follow a non-linear be-
haviour as observed by Jo et al. (2017), compound 1 with the highest
ClogP value, showed the greatest inhibitory effect (ClogP values were
1.57, 0.97 and 1.35 for 1, 2 and 3, respectively).

3.3. Molecular docking

The structural model of the met form of tyrosinase was first sub-
jected to a docking simulation into a big domain, almost the whole half
of the protein where the metallic site cleft and the other pockets are
exposed, excluding an area which, according to the X-ray, is comprised
in an intermolecular complex with a lectin-like protein. The natural
substrate, L-DOPA, was also docked in addition to the subject com-
pounds; as expected, it was found with its lowest energy cluster into the
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Fig. 3. Lineweaver-Burk plots in absence and presence of different concentrations of p-coumaric acid (1) (A and D), caffeic acid (2) (B and E) and rosmarinic acid (3)
(C and F) for the inhibition of the oxidation of L-tyrosine (A, B and C) or L-DOPA (D, E and F). Results are expressed as mean * SEM.

active site. This structure is shown in Fig. 4 in a putative productive
pose directly interacting with the Cu—OH—Cu motif of the met model.

The most potent subject compounds 1 and 2 as well as the reference
inhibitor kojic acid, fell within a pocket not overlapping the co-
ordination site of the met protein (Fig. 4, licorice structures in magenta,
green and brown, respectively), showing 1 and 2 estimated binding
energies more favored than the reference inhibitor (Table 3). These
results are consistent with the non-competitive type of inhibition ob-
served for 1 and 2, and with an increased activity with respect to the
reference compound (Table 1). On the contrary, compound 3 showed a
different binding mode compared to 1 and 2 (Fig. 4, licorice structure in
yellow). Compound 3 also showed other binding poses of similar energy
(within 0.4 kcal/mol) outside the catalytic pocket. According to the
binding energy obtained (Table 3) it should be expected, at a first
glance, a better inhibitory activity respect to 1 and 2, in contrast to the
experimental activity observed (Table 1). However, given than 3
showed a non-competitive behaviour and due to its interactions with
different sites (and probably causing different conformational changes
upon binding), the simple comparison of the estimated binding energies
would not unambiguously explain the lower activity observed in com-
parison to 1 or 2.

The binding mode shared by 1 and 2 was found mainly by the in-
teractions with the residues C83, H85, G86, T87, M317, N320 and T324
(details depicted in Fig. 5). It is interesting to note that, even though the
coordination site is not occluded (Fig. 5A), the interaction involves the
backbone atoms of the C83 and of the Cu ligand H85, which are tightly
bound through both, the backbone and a covalent thioether bond, thus
forming a sort of clamp in this flexible loop. Besides, the way in which
these interactions could affect the mobility of the coordination sphere
in the catalytic transition state, is outside the scope of the (static)
docking approach. However, this binding mode strongly suggest a
plausible non-competitive inhibition. It could also suggest subtle dif-
ferences between 1, 2 and kojic acid with respect to 3, which needs to
be explored in future long term molecular dynamic studies.

Even though the extensions of the quantum and classical part are
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not the same regarding the oxy and met models and since the charged
models are not directly comparable between them, and consequently
the estimations of the binding energies, it is still possible to note a

Fig. 4. Met model of Agaricus bisporum tyrosinase with the superimposition of
the lowest energy poses obtained for L-DOPA (licorice, surrounded by a white
translucent molecular surface), compounds 1 (licorice in magenta), 2 (green), 3
(yellow) and kojic acid (brown). The docking free energy of binding for L-DOPA
was —5.44 kcal/mol. The copper ions in gold spheres surrounded by their
closest residues in balls and sticks, the cartoon representation of the backbone
colored according to the sequence (residues 2 to 392 from red to blue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 3
Estimated free energies of binding from the docking analysis of the met and oxy
tyrosinase.

Compound  Met tyrosinase Oxy tyrosinase
AGY (kcal/ in the coordination  AGY (kcal/ in the coordination
mol) site? mol) site?

kojic acid —4.35 no —4.64 no

1 —4.91 no -5.39 no

2 —5.40 no —5.48 no

3 —-8.77 no —7.84 no

Fig. 5. A) Molecular surface of the met model of tyrosinase: ions as golden
spheres, compound 1 in licorice. The pocket occupied by the inhibitor did not
occlude the entrance of the catalytic site. B) Main contacts of the lowest energy
pose of compound 2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

common feature, i. e. the binding outside the coordination site for the
three subject compounds with the oxy tyrosinase. This region found as
the primary binding site for 1, 2 and kojic acid into the met form is
roughly the same for kojic acid in the oxy form, but it is a secondary
binding site for 1 and 2, with affinities 0.2-1.0 kcal/mol less favored
than for the main binding site. This main site is even farther from the
coordination site than for the case of the met form of tyrosinase. A
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comparison of the poses similar to those shown in Fig. 4, is available for
the oxy form of the enzyme in Fig. S2 (Supplementary material).

3.4. Enrichment of L. meyenii extract

Considering that the compounds isolated from L. meyenii as anti-
tyrosinase agents were all hydroxycinnamic acid derivatives and to
further improve the activity of the extract, a phenolic fractionation step
was carried out, using the method described by Chirinos et al. (2008)
with some modifications. As shown in Fig. 6A, the total phenolic con-
tent increased 2.53 times with respect to that of the complete extract
(p < 0.01). Additionally, the enriched-phenolic fraction was char-
acterised by HPLC-DAD to allow the quantification of compounds 1-3.
A representative chromatogram obtained at 320 nm is shown in Fig. 6B.
The amount of each compound per 100g of phenolic fraction was
116 mg for 1, 210mg for 2 and 1109 mg for 3. This means that the
quantity of each compound was 3.4 times higher than the quantity
observed in 100 g of the whole ethanol extract.

Subsequently, the inhibitory activity of the phenolic fraction was
compared with the activity of the ethanol extract. As shown in Table 4,
the enrichment method led to a significant 2.9-fold increase in both
monophenolase and diphenolase anti-tyrosinase activity.

These results match well those described by Lee et al., who found an
important correlation between the total phenol content and anti-tyr-
osinase activity of four species of Lamiaceae, three of them in the genus
Lavandula, L. stoechas subsp. pedunculata, L. latifolia, and L. allardii ‘Rly’
and Origanum majorana (Lee et al., 2011).

The Lamiaceae family has been considered as a source of com-
pounds that are appreciated for health care due to their high content of
phenolic compounds (Trivellini et al., 2016). Within this family, L.
meyenii stands out as having among the highest content of total phe-
nolic compounds among 27 species with traditional uses in the Andean
region studied (Chirinos et al., 2013).

3.5. Cytotoxicity on peripheral blood mononuclear cells (PBMC)

The most important thing about a tyrosinase inhibitor is that it must
be safe, especially when used in food products. To determine whether
compounds 1-3, the phenolic fraction or the whole extract were toxic
on normal human cells, PBMC were obtained. An MTT assay showed
that compounds 1-3 were not toxic to PBMC at concentrations of up to
500 uM, a value much higher than the ICso required for the anti-tyr-
osinase effect of these metabolites (Table 1). For the whole extract, the
ICso was 80.65 pg/ml (95% confidence limits (lower and upper) = 61.2
to 106.3) and no cytotoxic effect was found for the phenolic fraction at
concentrations of up to 100 pg/ml. In addition to the absence of cyto-
toxicity described here, several health benefits have been ascribed to
compounds 1-3 (Liu, 2004; Trivellini et al., 2016), with biological ac-
tivities including antioxidant, anticancer, antiatherogenic, prevention
of metabolic disorders, antimicrobial and anti-inflammatory effects
(Lee et al., 2011; Pei et al., 2016; Trivellini et al., 2016).

4. Conclusions

This is the first report about the compounds causing the tyrosinase
inhibitory effect of L. meyenii as well as the methodology to enrich the
extract in the non-toxic anti-tyrosinase compounds 1-3 which resulted
in an increased activity. The improved tyrosinase inhibition translates
to a greater potential as an anti-browning food additive. This study thus
validates L meyenii as a rich source of products with potent tyrosinase
inhibitory activity. On the other hand, a joint study about the kinetic
behaviour of 1-3 with both L-tyrosinase and L-DOPA as substrates was
performed together with a novel docking analysis confirming in part,
the results obtained. A non-competitive mechanism is proposed for the
subject compounds, although with different nuances in the case of the
largest and most flexible compound 3. In addition, it was determined
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Table 4

Inhibitory effects of the complete extract and of the phenolic fraction on tyr-
osinase activity.

Products ICso (ug/ml)?

L-Tyrosine” L-DOPA®

Ethanol extract
Phenolic fraction

10.43 (4.45-24.42)
3.59 (2.09-6.15)*

29.75 (25.53-34.67)
10.40 (5.72-18.91)*

*p < 0.05 compared to ethanol extract.
2 ICs values and 95% confidence limits (lower, upper).
> Value at 10 min from the start.
¢ Value at 2 min from the start.

that compounds 1-3 were more effective at inhibiting tyrosinase than
the well-known inhibitor, kojic acid.
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