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Abstract: The objective of this study was to test the inhibitory effect of five newly synthesized arylmethylene-bis(3-hydroxy-5,5-
dimethylcyclohex-2-en-1-one) derivatives. The structural characterization and stereochemistry of synthesized compounds were deduced from
analyses of experimental FT-IR, *H, 2*C NMR spectra and theoretical methodology of DFT study based on the global chemical reactivity indices

calculated using the 6-31G** level of theory.

To predict the stability of the newly synthesized compounds, the reactivity descriptors obtained at B3LYP level (Egap, dipole moment, 4,
n, w) were computed. The docking study and the selected quantum chemical descriptors computed for compounds 1-5 exhibit a good
agreement. The strongest inhibitors showed 25 to 30 % inhibition of tyrosinase activity. Results were supported by docking studies of the
binding of the strongest inhibitors to the enzyme. The results suggest that tetraketones of this type, due to their tyrosinase inhibitory effect,
represent potential agents in the treatment of various types of melanomas and skin hyperpigmentation.

Keywords: solubility prediction, NADES, mediterranean herbs, COSMO-RS, choline chloride, eutectic, extraction.

INTRODUCTION

T YROSINASE is an organometallic enzyme involved in
the biosynthesis of pigment melanin. Consequently, by
increasing or decreasing the level of melanin pigment, tyro-
sinase is indirectly responsible for a number of clinical
disorders.['3] Increased production and accumulation of
melanin leads to hyperpigmentation (hypermellanosis),
which is associated with many diseases such as melasma,
post-inflammatory melanoderm, effelids, lentigines, elderly
spots, etc. Epidermal and dermal hyperpigmentation may
depend on the increase in the number of melanocytes or
the activity of melanogenic enzymes. UV radiation, chronic
inflammation, skin rubbing and abnormal release of a-MSH

are the triggers of these disorders. Hyperpigmentation
mainly occurs on photoexposed parts (face, hands, upper
torso) causing psychosocial and aesthetic problems.[4-6]
Although melanin is primarily responsible for skin color, it
also has a protective role against photocarcinogenesis.!”]
Lighter skin contains more pheomelanin and is therefore
more susceptible to damage caused by UV radiation.
Exposure to UV rays leads to increased production of
melanin, but it can also damage melanocytes, which then
grow uncontrollably into tumors. Skin cancer is the most
common form of cancer with a prevalence of at least
40 %.1>8] Currently, there are three main types of skin
cancer: squamous cell carcinoma, basal cell carcinoma and
melanoma.[®10
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Melanoma accounts for less than 2 % of all malignant
skin tumors. However, it is the most aggressive form with a
death rate of about 75 %.[11In order to develop treatment
with a cytotoxic response, it is necessary to interfere with
the tyrosinase-mediated biosynthetic pathway of the con-
version of L-tyrosine to melanin. This may lead to the selec-
tive conversion of a tyrosinase-modeling inactive pro-drug
modeling tyrosinase into a cytotoxic drug in melanoma
cells. This selective strategy in the treatment of malignant
melanoma is called melanocyte-directed enzyme prodrug
therapy and allows for high drug selectivity in the system.[12]

As tyrosinase is the most important enzyme in the
process of melanogenesis, it has long been a target for the
development of melanocytotoxic skin lightening agents.[!3]
The immunogenic tyrosinase enzyme has been presented
as a sensitive marker of melanoma. Due to the overexpres-
sion of melanin mainly restricted in melanocytes during
tumorigenesis, tyrosinase is a potential molecular target in
melanoma therapy.[14-17]

Tetraketones (2,2'-arylmethylene-bis(3-hydroxy-5,5-
dimethyl-2-cyclohexen-1-one)) represent an important
class of compounds that have shown beneficial pharmaco-
logical effects in vitro (Figure 1). They are widely used as
important precursors in the synthesis of various acridindi-
ones as laser dyes and some heterocyclic compounds,
xanthendiones and thioxanthenes.'819 Tetraketones
exhibit antioxidant, antibacterial and antiviral effects.[20-22]
These compounds are well studied as the inhibitors of the
enzyme lipoxygenase.[23l However, data on studies on their
inhibitory effect on tyrosinases are limited.!18!

Thus, the objective of this study was to assess inhib-
itory effect of five newly synthesized arylmethylene-bis(3-
hydroxy-5,5-dimethyl-2-cyclohexen-1-one) derivatives on
the tyrosinase enzyme. Experimental data analyses and
theoretical DFT study(24-27] were used to perform structural
characterisation and stereochemistry of the newly synthe-
sized compounds. Theoretical study was performed by
using reactivity descriptors and docking study that could
help in understanding the chemical behavior of such com-
pounds. In the future, these calculated parameters could
be useful in understanding and predicting the behavior of
structurally similar compounds of unknown reactivity.

EXPERIMENTAL

Materials and Methods

GENERAL METHOD FOR THE SYNTHESIS OF
ARYLMETHYLENE-BIS(3-HYDROXY-5,5-
DIMETHYLCYCLOHEX-2-EN-1-ONE) DERIVATIVES (1-5)
A mixture of benzaldehyde (1 mmol), 5,5-dimethylcyclo-
hexane-1,3-dione (2 mmol) and diazobicyclo [2.2.2] octane
(DABCO) (0.05 g) in water (20 mL) was refluxed. The flow
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Figure 1. Tetraketones and their keto-enol tautomeric
forms.

and completion of the reaction were monitored by thin
layer chromatography. After completion of the reaction,
the mixture was cooled to room temperature, filtered and
washed with water. Recrystallization of the resulting
compounds was performed from 95 % ethanol.l28] All
chemicals were obtained from Merck (Germany).

CHARACTERIZATION OF SYNTHETHISED PRODUCTS
Elemental Analysis
For the synthesized arylmethylene-bis-(3-hydroxy-5,5-dimethyl-
cyclohex-2-en-1-one) derivatives, elemental analysis was perfor-
med with the Vario EL apparatus Il C, H, N, S / O Elemental
Analyzer, Elementar Analysensysteme GmbH, Hanau-Germany.

IR Spectroscopy
IR spectra of the synthesized compounds were recorded us-
ing Shimadzu IR Prestige 21 apparatus in the wavelength
range from 4500 to 700 cm~1.

NMR
1H-NMR and 13C-NMR spectra for the synthesized com-
pounds were recorded with the Bruker AC 250 E apparatus,
in deuterated chloroform using TMS (tetramethylsilicon) as
a reference standard.

Melting Point
The melting points of the synthesized compounds were
determined with the Melting point meter apparatus, man-
ufactured by Kruss optronic, Germany.

DETERMINATION OF TYROSINASE ENZYME ACTIVITY
Five derivatives of arylmethylene-bis(3-hydroxy-5,5-dimethyl-
cyclohex-2-en-1-one) were tested for their ability to inhibit
conversion of L-DOPA to dopaquinone and dopachrome by
the tyrosinase enzyme. Formation of dopachrome was
measured spectrophotometrically at A = 475 nm. Kojic acid,
as a known inhibitor of the tyrosinase enzyme, was used as a
positive control. Final concentrations of compounds were as
follows: L-DOPA 0.3 mg mL™, tyrosinase 0.1 mg mL1, sub-
strates 60 uUM. Reactions were conducted at room temper-
ature and dopachrome absorbance was measured every
minute for 15 minutes in presence and in absence of inhib-
itors. All experiments were conducted in triplicate at pH 7.4
and activity of the tyrosinase enzyme without inhibitors was
measured daily. Tyrosinase inhibition is defined as the ratio
of dopachrome absorbance in presence and in absence of an
inhibitor, given as a percentage. All chemicals used in this
essay were obtained from Sigma Aldrich (USA).
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PHYSICOCHEMICAL PROPERTIES CALCULATIONS

In order to explore the agreement between theoretical and
experiemntal data, quantum chemical calculations were
performed with complete geometry optimizations using
Spartan 14 software.[?°] Geometry optimization was carried
at B3LYP/6-31G** level of theory. The reactivity of
compounds 1-5 can be elucidated by computation using
global chemical reactivity indices. The chemical reactivity
descriptors(24-27] calculated using DFT were:

e Chemical hardness (7) associated with the stability
and reactivity of a chemical system and can be
calculated using the following equation:

17 =(&wmo — &omo) / 2;

e Electronic chemical potential (u), defined as the
negative of electronegativity of a molecule and can
be calculated using equation: £ = (&iomo + &umo) / 2;

o Global electrophilicity index (w) is calculated using
the electronic chemical potential and chemical
hardness as shown in equation: @= 2/ 2n.

DOCKING STUDY

Lamarckian Genetic Algorithm of the AutoDock 4.0 program
was used to perform the flexible-ligand docking studies.[30
Receptors’ X-ray crystal structures obtained from the
Brookhaven protein data bank were applied in docking
studies (http://www.pdb.org/). Prior to actual docking run,
AutoGrid 4.0 was introduced to precalculate grid maps of
interaction energies of various atom types. In all dockings, a
grid map with 126 x 126 x 126 points, and a grid spacing of
0.6 A were used. In an AutoGrid procedure, the protein is
embedded in a 3D grid and a probe atom is placed at each
grid point. The energy of interaction of this single atom with
the protein is assigned to the grid point. AutoDock 4.0 uses
these interaction maps to generate ensemble of low energy
conformations. It uses a scoring function based on AMBER
force field and estimates the free energy of binding of a
ligand to its target. For all dockings, 10 independent runs
with step sizes of 0.2 A for translations and 5 A for
orientations and torsions, an initial population of random
individuals with a population size of 150 individuals, a
maximum number of 2500000 energy evaluations and 27000
maximum generations.

Interactions between docked potent agents and
related macromolecule were analyzed using AutoDock
Tools program (ADT, Version 1.5.4) and PyMol-1.1 software
was used for graphical visualization, interactions analysis of
ligands and receptors and generating figures.31 As the
receptor we used tyrosinase from Protein Data Bank (pdb:
1WXC). To gain further insight into binding of best and worst
inhibitors to the tyrosinase enzyme, a docking study was
performed using AutoDock Vina (The Scripps Research

Institute, La Jolla, CA, USA),32 which uses dispersion,
hydrogen bonds, and electrostatic and desolvatation
energy components to determine the conformation of the
most probable complex. The three-dimensional coordi-
nates of tyrosinase enzyme molecule, was obtained from
RCSB (PDB entry 2Y9W).33I Chain A of the crystallographic
structure was used due to it being the subunit with the best
quality data. The protein molecule was prepared for dock-
ing by adding the missing side-chain atoms and hydrogen
atoms, all Lys, Arg, His, and Cys sidechains were proto-
nated, all Asp and Glu sidechains were deprotonated, and
the amino and carboxy termini were charged. Since there is
a presence of a water molecule (HOH 2094) in the vicinity
of copper ions, all docking study were performed with both
all water molecules removed and all water molecules
removed except HOH 2094, as well as with cooper ions
charged +1 and +2. The three-dimensional forms of the lig-
ands were drawn and their initial geometries were mini-
mized in HyperChem 8.0 (Hypercube, Inc., Gainesville, FL,
USA), and their charge was set to represent the most abun-
dant species at pH 7.4, calculated at chemicalize.com and
partial charges for ligands were set according to lonescu et
al.B4 Grid maps of size 22.5 x 22.5 x 22.5 A were generated
and centered in the tyrosinase active site cavity (4.827,
28.490, 92.879). The receptor molecule was regarded as
rigid while all ligand single bonds were allowed to rotate
freely during the docking procedure, with exhaustiveness
set to 20 and energy range set to 3 kcal mol-1. Since the
crystallographic structure of tyrosinase with tropolone
molecule is present, docking of tropolone in presence and
in absence of HOH 2094 and with copper charge of both +1
and +2 was conducted in order to assess the appropriate-
ness of the system and afterwards docking of L-DOPA,
dopaquinone, compound 1, and kojic acid was conducted
using the same conditions.

STATISTICAL ANALYSIS

All incubations were conducted in triplicate. The results are
expressed as percentage of enzyme inhibition i.e., percent-
age of product generated in incubation with the addition of
test compound in ratio to the control without the inhibitor.
Statistical significance was tested with Student’s t-test in
the R program (The R Project for Statistical Computing,
Vienna, Austria).

RESULTS AND DISCUSSION

Chemistry

New compounds (1-5) were synthesized by Knoevengel
condensation of an aromatic aldehyde and Michael
addition of 5,5-dimethylcyclohexane-1,3-dione, as shown
in Scheme 1.
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COMPOUND 1:
2,2'-(4"-TRIFLUOROMETHYLPHENYL)METHYLENE-BIS(3-
HYDROXY-5,5-DIMETHYLCYCLOHEX-2-EN-1-ONE
Yield 74 %; m.p. 186-190 °C; IR(KBr) Jmax/ cm1: 3000 (Ar-
H), 1750 (C=0), 1600(C=C), 1300 (C-0); 1500 (C=0), 1200
(OH), 1100 (C-F); H NMR (CDCls) d/ppm: 1.12, 1.24 (ss,
12H, CH-3), 2.23-2.55 (m, 8H, CH-2), 5.54 (s, 1H, CH, C-7),
7.21,7.54 (dd, 4H, J = 8.5 Hz, Ar-H), 11.87 (brs OH disappears
with D,0); 13C NMR (CDCls, d/ppm): 31.41 (C-5 and C-5'),
32.90 (C-7), 46.40 (C-4, C-4°), 47.01 (C-6, C-6), 115.28 (C-2
and C-2°), 125.70, 125.16, 125.22, 125.27,127.08 (C-2”, C-3”,
C-5", C-6”, JF,3”"=3.6Hz); 127.31, 127.83, 128.34, 128.86,
142.57 (Je4»=32.4 Hz), 117.70, 122.02, 126.35, 130.66 (CFs,
Jec=271.9 Hz), 189.43, 190.73 (C-3, C-3’). Anal. Calcd. mass
fractions of elements, w / %, for CaaH27F304 (M, =439.19) are:

C=66.04, H=6.24; found: C=66.41, H = 6.38.

COMPOUND 2: 2,2'-(4"-ACETAMIDOPHENYL)METHYLENE-
BIS(3-HYDROXY-5,5-DIMETHYLCYCLOHEX-2-EN-1-ONE
Yield 68 %; m.p. 171-173 °C; IR(KBr) Jmax/ cm™1: 3050 (Ar-
H), 1700 (C=0), 1600(C=C), 1300 (C-0), 1500 (C=0), 1200
(OH), 1620 (amide); *H NMR (CDCl3) d/ppm: 1.09, 1.21 (2 x
s, 12H, 4xCHs), 2.12 (s, NHCOCHs), 2.20-2.52 (m, 8H, 4CH,),
5.48 (s 1H, CH), 7.01 (d, 2H, J2:3= 9.2 Hz, H-2', H-6'), 7.40 (d,
2H, J2.3= 9.2 Hz, H-3', H-5'), 7,56 (s, 1H, NHCOCH;), 11.87
(brs OH disappears with D,0); 3C NMR (CDCls, d / ppm):
24.45 (NHCOCHs), 27.31, 29.55 (CHs from C(CHs),), 31.34
(C(CHs)z, 32.30 (CH), 46.37, 47.00 (CH,), 115.50 (C-1),
119.56, 127.27 (CH), 133.77, 135.79; 168.29 (NHCOCHs),
189.35, 190.48 (C-2, C=0). Anal. Calcd. mass fractions of

elements, w /%, for CosH31N10s (M, =425.22) are: C=70.57,
H=7.34;found: C=70.2, H=7.12.

COMPOUND 3: 2,2°-(4"-HYDROXY-3"-METHOXY-5""-
NITROPHENYL)METHYLENE-BIS(3-HYDROXY-5,5-
DIMETHYLCYCLOHEX-2-EN-1-ONE
Yield 71 %; m.p. 230-232 °C; IR(KBF) Omax/ cm~L: 2500-3300
(Ar-OH), 3042 (Ar-H), 1730 (C=0), 1607, 1588 (C=C), 1448
(0-CH3), 1320 (C-0), 1200 (Ar-OH), 1595 (NO,); 'H NMR
(CDCl3) d/ppm: 1.12 (6H, s, H-14, H-16), 1.25 (6H, s, H-15,
H-17), 2.22-2.54 (8H, m, H-3, H-11, H-5, H-9), 3.83 (3H, s,
OCHs), 5.43 (1H, s, H-13), 6.90 (1H, s, H-2'), 7.44 (1H, s, H-
6’), 10.60 (1H, brs, Ar-OH disappears with D,0); 13C NMR
(CDCls, d/ppm): 26.87 (C-14, C-16), 29.82 (C-15, C-17),
31.39 (C-4, C-10), 33.18 (C-13), 114.01 (C-6'), 117.04 (C-2'),
114.71(C-1, C-7), 133.60 (C-4'), 144.41 (C-5'), 149.59 (C-3"),
189.45 (C-2, C-12), 190.94 (C-6, C-8). Anal. Calcd. mass
fractions of elements, w / %, for Ca4H»7N10s (M, = 457.17)

are: C=62.73, H=6.36; found: C=63.10, H = 6.08.

COMPOUND 4: 2,2°-(4"-NITROPHENYL)METHYLENE-
BIS(3-HYDROXY-5,5-DIMETHYLCYCLOHEX-2-EN-1-ONE
Yield 77 %; m.p 189-203 °C; IR(KBr) Jmax/cmL: 3000 (Ar-H),
1670 (C=0), 1480(C=C), 1300 (C-O), 1500 (C=0), 1250
(NO2); TH NMR (CDCls) d / ppm: 1.11, 1.23 (2xs, 12H, 4xCHs),
2.21-2-57 (m, 8H, 4xCH,), 5.53 (s 1H, CH), 7.24 (d, 2H, J»:3 =
8.9 Hz, H-2', H-6') 8.13 (d, 2H, J;;3'= 8,9 Hz H-3', H-5'), 11.8
(brs, - OH disappears with D,0); 3C NMR (CDCls, d/ppm):
27.38, 29.38 (CHs from C(CHs),), 31.39 (C(CHs),), 33.18 (CH),
46.32, 46.91 (CH,), 114.81 (C-1), 123.40, 127.56 (Ar-CH),
146.03, 146.49 (Ar-Cq), 189.46, 190.82 (C-2 and C=0). Anal.

0

OH

cyclocondensation

Comp. R R, R, R, R, R;
tautomerization
= = 1 4 mifluor-methyl H H CF H H
2 2-acetamido- H H NHCOCH, H E
3 Abydioxy-3™ | o oey o NO, H
“ methoxy-3"-nitro-
1 4"-nitre- H H NO H H
HO 5 3 5" dibron H Br E Br H

Scheme 1. Synthesis of novel arylmethylene-bis(3-hydroxy-5,5-dimethylcyclohex-2-en-1-one) derivatives.
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Calcd. mass fractions of elements, w / %, for C23H27N106 (M,
=413.18) are: C=66.81, H = 6.58; found: C=66.74, H = 6.62.

COMPOUND 5: 2,2'-(3",5"-DIBROMOPHENYL)METHYLENE-
BIS(3-HYDROXY-5,5-DIMETHYLCYCLOHEX-2-EN-1-ONE
Yield 69 %; m.p. 248-252 °C; IR(KBr) Jmax/ cm=1: 3000 (Ar-
H), 1750 (C=0), 1600 (C=C), 1300 (C-O), 1400 (C=0), 1220
(OH), 750 (C-Br); H NMR (CDCls) d/ppm: 1.11, 1.23 (ss, 12H,
CHs), 2.10-2.54 (m, 8H, CH,), 5.44 (s, 1H, CH, C-7), 7.14 (s,
2H, H-2", H-6"), 7.47 (s, 1H, H-4"), 11.90 (brs OH disappears
with D,0); 13C NMR (CDCls, d / ppm): 27.25, 29.47 (CHs from
C(CHs), at C-5 and C-5°), 31.44 (C-5 and C-5°), 32.51 (C-7),
46.34 (C-4, C-4'), 46.95 (C-6, C-6°), 114.54 (C-2 i C-2)),
128.90 (C-4”), 131.47 (C-2”, C-6”), 122.73 (C-3”, C-5"),
142.59 (C-1”), 189.42 (C-3, C-3°), 190.75 (C-1, C-1'). Anal.
Calcd. mass fractions of elements, w / %, for Ca3sH26Br204 (M,
=524.02) are: C=52.49, H = 4.98; found: C=52.75, H = 5.02.

Influence of Tetraketones on the

Tyrosinase Enzyme Activity
Results of the tyrosinase inhibition assay are listed in Table
1. Kojic acid, which was used as a positive control, showed
a very high enzyme inhibition of 72 + 4 %. On the other
hand, tested tetraketons showed a much lower tyrosinase
inhibitory activity, with compounds 3 (14 +2 %) and 2 (13 =
2 %) being the strongest tyrosinase inhibitors. However,
this difference in activity is not necessarily a problem, as
the use of kojic acid in cosmetics is controversial due to its
toxicity and mutagenicity.[3>3¢l Similar concerns are raised
for another strong and widely used tyrosinase inhibitor,
hydroquinone.37! It seems that high tyrosinase inhibitory
activity is often correlated with higher toxicity, therefore
there is still much room left to find tyrosinase inhibitors
with good physico-chemical properties, with the tyrosinase
inhibitory itself not being the most important parameter. In
this regard, the most potent compounds in this research,
namely compounds 2 and 3, can serve as lead compounds
for further optimization of the structure, both in the sense
of increased tyrosinase inhibitory activity, as well as in the
sense of lower toxicity.

Table 1. Tyrosinase activity inhibition in the presence of
tetraketones.

Compound Enzyme inhibition (+ std. er. in %)
1 2+1
2 13+2
3 14 +2
4 3+1
5 10+1
Control: kojic acid 72+4

Theoretical Calculations

PHYSICOCHEMICAL PROPERTIES CALCULATIONS
Calculated global physicochemical properties are pre-
sented in Table 2. The results indicate that the trend in the
chemical hardness (n) for the compoundsis1>5>4>2>
3. - generally, higher the chemical hardness, the more sta-
ble or less reactive the compound is. Therefore, compound
1is the hardest and least reactive, and compounds 2 and 3
are least hard and most reactive.

The electronic chemical potential (u), defined as the
negative of electronegativity of a molecule, is described as
the escaping tendency of electrons from an equilibrium sys-
tem.[2”] The trend in the electronic chemical potential for
the compoundsis2>5>1>3>4. The higher the electronic
chemical potential, the less stable or more reactive is the
molecule. Therefore, compound 2 is the most reactive, and
compound 4 is the least reactive of these compounds.

Electrophilicity (w) measures the propensity or
capacity of a species to accept electrons.[2’ The values w
for compounds 1-5 are presented in Table 2. Among these
compounds, compound 2 is the strongest nucleophile be-
cause it has the lowest value. Compound 4 is the strongest
electrophile because it has the highest value.

Compound 1 has the highest HOMO-LUMO energy
gap, which indicates that it is the most stable or the least
reactive, compared to compounds 5, 4, 2, and 3, as shown
in Table 2.

Table 2. Global chemical reactivity indices of compounds
1-5 at B3LYP/6-31G** level.

1 2 3 4 5
Erowmo/eV  —-6.67 -575 -626 678 -6.45
Euvo/eV  -130 -112 -258 -212 -141

Dipole moment oo g0g 315 831 563

/ Debye
Energygap/eV  5.37 4.63 3.68 4.66 5.01
ulev -399  -344 -442 -445 -394
n/ev 268 232 184 234 250
o/ eV 297 255 531 737 3.0

Table 3. The correlation factors of compared stretching
frequencies and chemical shifts for compounds 1-5.

R? for Assignment  R?for *H-NMR  R? for 3.C-NMR

COMP-g31vp/631G**  B3LYP/631G**  B3LYP/631G**
1 0.9977 0.9892 0.9928
2 0.9985 0.9839 09791
3 0.9985 0.9988 0.9788
4 0.9981 0.9649 0.9946
5 1.0000 0.9861 0.9931

DOI: 10.5562/cca3857
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The electric dipole moment is a product of the posi-
tive charge and the distance between the charges. The
magnitude of the dipole moment of the molecule is also
provided in the Table 2. The trend in the dipole moment for
the compoundsis4 >2>5>1 > 3. A large dipole moment
indicates a large separation of charge. Electrical dipole
moment in chemistry is suitable for describing many inter-
molecular interactions because the most interesting ones
are usually dipole ones.

Comparison of the experimentally and theoretically
obtained stretching frequencies in the IR spectra can be uti-
lized to eliminate the uncertainties in the fundamental
assignments of the spectra. The correlation factors of the
linear regression used to compare the experimentally
measured and theoretically computed IR spectera for com-
pounds 1-5 are presented in Table 3. The calculated and
experimentally obtained stretching frequencies values
show good correspondence.

Chemical shifts for H- and 13C-NMR calculated using
the B3LYP level with the 6-31G* and 631G** basis sets can
be utilized to eliminate uncertainties in the fundamental
assignments of the spectra. The correlation factors of the
linear regression used to compare the experimentally
measured and theoretically computed NMR shifts for com-
pounds 1-5 are presented in Table 3. The calculated and
experimental chemical shift values given in Table 3 show
good correspondence with the DFT study.

DOCKING STUDY

Since all docking results were virtually identical with both
presence and absence of HOH 2094 and with Cu charges of
+1 and +2, only docking results in absence of all water mol-
ecules and charges of both Cu ions of +2 will be shown. The
comparison of docked tropolone with the crystallographic
structure of tropolone bound to tyrosinase showed high
similarity, even though their orientations differ (Figure 2),
which is understandable, given the size of the ligand.

Figure 2. Overlay of the crystallographic structure of
tropolone (blue) with docked tropolone (brown) at the
cavity of the tyrosinase active site.

Docking of L-DOPA and dopaquinone revealed some
interesting characteristics of the area near the binding site.
Figure 3a shows the two best (lowest energy) poses of
L-DOPA with predicted binding energies of -5.5 and
-5.4 kcal mol-1, respectively. Figure 3b shows the two best
docked poses of dopaquinone, with predicted binding
energies of -5.6 and -5.5 kcal mol-1. Even though docking
programs are known not to be able to accurately predict
binding energies,!! their relative binding energies can still
be compared, especially for different poses of the same
molecule. It can be observed that the most favorable
L-DOPA binding location is in the active site, with catechol
group oriented towards the two Cu?* ions.38 As for the
dopaquinone molecule, the location with the most favora-
ble binding interactions appears to be outside of the bind-
ing pocket, which suggest that the dopaquinone molecule
leaves the active site before being further metabolized to
dopachrome (Figure 3).

Figure 3. a) Best (brown) and second best (blue) binding poses of L-DOPA to tyrosinase enzyme; b) Best (brown) and second

best (blue) binding poses of dopaquinone to tyrosinase enzyme.
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The binding site of compound 1 is located at the
entrance of tyrosinase, however, it does not protrude into
it. Even though the predicted binding energy of the com-
pound 1 (-6.3 kcal mol-1) is low, its weaker inhibition of the
tyrosinase enzyme can be explained by the aforementioned
unsatisfactory prediction of binding energies by docking
programs, or by its possible short residence time, which
allows L-DOPA to be metabolized even in the presence of
the inhibitor.39401 Another evidence for inaccurate predic-
tion of binding energies comes from the fact that the bind-
ing energy of kojic acid, which should also bind inside the
active pocket has predicted energy of -5.3 kcal mol?,
higher than compound 1 while from the experimental data
it can be observed that kojic acid is the most potent inhibi-
tor by a large margin.

Another interesting observation is that the second-
best binding poses of the tested inhibitors (compound 1 and
kojic acid) are located beside the active pocket (Figure 4 and
5), with similar binding energies as the best poses (-6.3, and
-5.2 kcal mol2, respectively), which can serve as a clue for
designing even stronger inhibitors, which bind both in the
active site and extend into this region and interacting with

hydrophilic
neutral
hydrophobic 4

Figure 4. Binding positions of compound 1 (blue) to
tyrosinase enzyme. Hydrophilic amino acids are depicted in
blue, neutral in white and hydrophobic in red.

Figure 5. Secondary binding poses of compound 1 (blue),
and kojic acid (purple) in the vicinity of the active site.

Table 4. Docking study parameters of synthesized
tetraketones.

Comp. Binding Enefgv/ Inhibitory No. of Am‘{no
kcal mol™? constant/ mM  H-bonds acid

1 -6.48 17.65 1 Val34

2 -7.70 2.28 1 Arg30

3 -6.57 15.24 2 Argll4

4 -7.16 5.63 3 i'rugg’;

5 -6.93 8.35 1 Arg228

hydrophilic amino acids in this region, such as Tyr65, Asn81,
Cys83, Thr84, His85, His244, Glu322, and Thr324.

For the selected tetraketones, binding energies,
inhibitory constants and binding sites of tyrosinase (pdb:
1WXC) were determined and are shown in Table 4. Com-
pound 2 with the acetamido group at para position of the
phenyl ring in docking studies showed lowest binding en-
ergy value (-7.7 kcal mol-1), as well as the lowest value of
the inhibitory constant (2.28 mM). Based on these results,
it can be concluded that it has the strongest inhibitory ef-
fect on the enzyme tyrosinase, as confirmed by in vitro
studies (Table 1) where its inhibitory activity of 13 % was
second best. Compound 2 forms one hydrogen bond with
the tyrosinase enzyme via Arg 30. Also, compound 1, which
has a trifluoromethyl group in the para position of the phe-
nyl ring, has the highest binding energy (-6.48 kcal mol1),
as well as the highest inhibitory constant value (17.65 mM),
meaning it is the weakest tyrosinase inhibitor. Again, the
results of the in vitro assays showed good correlation with
these results because compound 1 inhibition percentage
was only 2 % (Table 1).

CONCLUSION

This study tested a series of newly synthesized aryl-
methylene-bis(3-hydroxy-5,5-dimethylcyclohex-2-en-1-
one) derivatives as tyrosinase inhibitors.

The optimized geometry, IR vibration frequencies, 1H
and 13C NMR chemical shifts, HOMO-LUMO energies, and
global indices for the chemical reactivity of the compounds
1-5 were obtained at the B3LYP/6-31G** level of theory
using the Spartan 14 program. The theoretical results for 1H
and 13C NMR and FT-IR spectroscopy were reported and
compared with experimental data. It was found that the
obtained theoretical results for all analyzed compounds
were compatible with the experimental data. This theoret-
ical and experimental evidence supports the proposed
structures for compounds 1-5.

The HOMO-LUMO energy gap was highest for com-
pound 1 and lowest for compound 3. According to calcu-
lated results of the electronic chemical potential (u),

DOI: 10.5562/cca3857
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compound 2 (with the acetamido group at para position of
the phenyl ring) was the least stable (or the most reactive)
which is in good accordance with experimental data of in
vitro tyrosinase inhibition, as well as with results of docking
study where compound 2 showed the lowest binding
energy and the lowest value of the inhibitory constant.

In conclusion, tetraketones can be regarded as good
lead compounds as inhibitors of tyrosinase. Observed
experimental data is supported by computational and
docking studies. Design of stronger inhibitors should be
directed to tetraketones that can bind both in the active
site and extend into the region of hydrophilic amino acids.
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