#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Elucidating bis-pyrimidines as new and efficient
mushroom tyrosinase inhibitors: synthesis, SAR,
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In this study, a series of novel bis-pyrimidine derivatives (LP—8P) were designed, synthesized, characterized,
and investigated for their in vitro inhibitory activity against mushroom tyrosinase, an enzyme critical in
melanin biosynthesis and implicated in various hyperpigmentation disorders. To the best of our
knowledge, the bispyrimidine scaffold has been evaluated for the first time for its tyrosinase inhibitory
activity. Their inhibitory activities were assessed, revealing inhibition with ICsq values in the micromolar
range. Additionally, this series of compounds were found to inhibit tyrosinase activity in a mixed-type
manner, with 1Csqg values ranging from 12.36 + 1.24 to 86.67 + 3.08 uM. To further elucidate the binding
interactions, molecular docking simulations were performed, identifying key residues in the active site
responsible for binding affinity. Furthermore, molecular dynamics (MD) simulations were conducted to
assess the dynamic behavior, stability, and binding affinity of the most potent inhibitor, compound 6P.
Quantitative Structure—Activity Relationship (QSAR) models were developed to correlate the structural
features of the bis-pyrimidines with their inhibitory activity, providing insights into the structure—activity
relationships (SAR) that govern their potency. The experimental and theoretical findings demonstrated
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1. Introduction

Tyrosinase (TYR; EC 1.14.18.1) is a copper-containing enzyme
that is pivotal in the biosynthesis of melanin, the pigment
responsible for the coloration of skin, hair, and eyes in
humans.' This enzyme catalyzes the oxidation of tyrosine to
dihydroxyphenylalanine (DOPA) and subsequently to DOPA-
quinone, which undergoes further reactions to produce
melanin.> TYR is widely distributed across various species,
including plants, animals, and microorganisms, indicating its
essential role in diverse biological processes.* The activity of
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therapeutic agents for treating hyperpigmentation and related conditions.

TYR is directly linked to several dermatological conditions and
cosmetic concerns.* Hyperactivity of TYR can lead to hyperpig-
mentation disorders such as melasma, lentigines, and post-
inflammatory hyperpigmentation.® Conversely, insufficient
TYR activity is associated with hypopigmentation disorders like
albinism.® Due to its central role in pigmentation, TYR is a key
target for developing therapeutic agents aimed at modulating
melanin production.” In the cosmetic industry, TYR inhibitors
are extensively used in formulations designed to lighten skin
and treat hyperpigmentation.®

The quest for effective TYR inhibitors has led to the discovery
of numerous natural and synthetic compounds.® Natural
inhibitors, such as kojic acid, arbutin, and licorice extract, are
commonly used in cosmetic products.’®** Numerous synthetic
TYR inhibitors have been developed, including bis-
salicylaldehyde, acetamides, chalcones, 3-hydroxyflavones,
thiazolidinones, coumarin-resveratrol hybrids, benzofuran-
thiosemicarbazone hybrids, flavone hydrazones, thioflavonols,
thioflavones, benzothiazepines, benzopyrimidinone, oxadia-
zoles and oxazolones'™ (Fig. 1). Despite the fact that many
synthetic inhibitors have demonstrated inhibitory activity
against mushroom TYR, only a few have shown effectiveness in
inhibiting melanogenesis in cellular or skin models.>**
Consequently, the search for novel TYR inhibitors and the
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Fig. 1 Some recently developed TYR inhibitors.

development of more effective cytotoxic agents remain crucial
steps in the drug discovery and development process.

Bis-chalcones (Fig. 2a), a subclass of chalcones, are abun-
dant in plants and widely present in various organisms, serving
as precursors to flavonoids and several other heterocyclic
pharmacophores.”** These compounds have demonstrated
a range of bioactivities, including anti-tubercular, anti-viral,
anti-cancer, anti-inflammatory, anti-tumor, anti-fungal proper-
ties, and TYR inhibition.>*?® The structural flexibility of chal-
cones allows for extensive modification, which can lead to
enhanced biological activity and specificity.”” The cyclization of
bischalcones leads to the formation of diverse heterocyclic
scaffolds, comprising six- and seven-membered rings with
various heteroatoms, including compounds such as pyrimi-
dines, dihydropyrimidines, benzothiazepines, benzodiazepines
and pyrazoline, etc.”® Among these, nitrogen-containing
heterocyclic compounds are especially notable for their signif-
icance in bioactivity studies.*® Nitrogen-containing heterocycles
are prominent chemical structures that have gained substantial
interest from researchers owing to their wide array of biological
applications.**°

Bis-pyrimidines are a class of compounds featuring two
pyrimidine rings, which are six-membered heterocyclic struc-
tures containing two nitrogen atoms* (Fig. 2b). These
compounds have attracted considerable interest in medicinal
chemistry on account of their diverse and potent biological
activities and potential therapeutic applications.**?** Among
various chemical motifs explored for TYR inhibition, the
pyrimidine scaffold has emerged as a highly potent and versa-
tile framework.***® The presence of amino groups at both poles
of the bis-pyrimidine scaffold is crucial for effective TYR inhi-
bition, as they enhance binding affinity through hydrogen
bonding and interaction with the enzyme's active site residues
and also attributed to their ability to chelate the copper (Cu>")
ions at the enzyme's active site.*”*® Their ability to interact with
various biological targets is attributed to the electronic and
steric characteristics imparted by the pyrimidine rings.***'
Furthermore, bis-pyrimidines have shown favorable drug-like
properties, including good bioavailability and metabolic
stability, making them attractive candidates for further devel-
opment in medicinal chemistry.**

Bischalcone

(a)

Fig. 2 Chemical structures of the bis-chalcone (a) and bis-pyrimidine (b).
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Encouraged by the biological significance of pyrimidine
motif and the increasing demand for novel, harmless, and
potent TYR inhibitors, we aimed to synthesize bis-pyrimidines,
anticipating that these products would exhibit enhanced TYR
inhibitory activity. To the best of our knowledge, the TYR
inhibitory potential of bis-pyrimidine derivatives has not been
explored previously. Therefore, we present a simple multi-
component reaction strategy for the efficient synthesis of bis-
pyrimidines, targeting their application as anti-TYR agents. To
effectively address the challenges posed by skin disorders such
as melasma, senile lentigines and ephelides it is crucial to
discover novel and safe inhibitors for this enzyme. Additionally,
all experimental findings have been corroborated by compre-
hensive computational studies.

2. Materials and methods

All chemicals were sourced from Merck (Germany) and utilized
without further purification. Melting points were determined
with an uncorrected electrothermal apparatus. Infrared (IR)
spectra were recorded on a Bio-Rad spectrophotometer. Nuclear
Magnetic Resonance (NMR) spectra were collected on a Bruker
DRX 600 spectrometer, operating at 600 MHz for "H and 151
MHz for '*C. UV-visible absorption spectra were measured
using a Jasco V-670 spectrophotometer with a quartz cell.

3. General procedure for the
synthesis of bis-chalcones (1C-8C)
and bis-pyrimidines (1P—8P)%°

The synthesis of bis-chalcones (step-1) was carried out following
the method previously described in the literature.>

In step-2, to synthesize bis-pyrimidines, a bis-chalcone (1.0
mmol) was combined with guanidine hydrochloride (4.0 mmol)
in an aqueous potassium hydroxide solution (5-6 mL, 50%) and
the mixture was refluxed in ethanol (15 mL) for 4-5 hours. The
completion of the reaction was monitored using thin-layer
chromatography (TLC). After cooling the reaction mixture, the
solvent was evaporated under reduced pressure to obtain the
crude product. This crude material was then purified by
recrystallization from methanol, resulting in the formation of
bis-pyrimidines (1P-8P).

3.1. Enzyme inhibition activity

3.1.1. Mushroom TYR inhibitory assay. The procedure for
evaluating TYR inhibitory activity has been thoroughly docu-
mented in our previous publication.*® Detailed information can
be found in the ESIf file.

3.2. Kinetic analysis

The methodology employed for analyzing the kinetic activity
has been thoroughly described in our previous publication.****
Please refer to the procedure outlined in the ESIf file for
detailed instructions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3. Molecular docking study

The methodology for ligand and protein preparations and
docking simulations were performed following our already re-
ported methods.* For specific instructions, please refer to the
procedure outlined in the ESIT file.

3.4. MD simulation analysis

The methodology used for MD simulation analysis is detailed in
our previous publications.**** For specific instructions, please
refer to the procedure outlined in the ESIT file.

3.5. QSAR analysis

The methodology used to analyze the kinetic activity is
comprehensively detailed in our previous publications.*” For
specific instructions, please refer to the procedure outlined in
the ESIT file.

4. Results and discussion

4.1. Chemistry

To synthesize bis-pyrimidine derivatives (1P-8P), the tereph-
thalaldehyde was taken as starting material, and thus allowed to
react with various substituted aromatic acetophenones in the
presence of sodium hydroxide (NaOH) dissolved in methanol.
Subsequently, the reaction mixture was stirred for 4-5 hours at
0-5 °C to produce the bis-chalcones (1C-8C) in moderate to
good yield (Scheme 1). These intermediate compounds were
purified through recrystallization by ethanol (EtOH) before
proceeding for the next step. Thereafter, the bis-chalcones (1C-
8C) were then cyclized with guanidine hydrochloride in the
presence of aqueous solution of NaOH and ethanol after
refluxing for 3-4 h in order to obtain the target bis-pyrimidines
(1P-8P) in moderate to excellent yield (Scheme 1 and Table 1).
The target compounds were purified through recrystallization
from EtOH. The bis-pyrimidines were found to be prone to
oxidation for longtime standing under the air.

All the newly synthesized target compounds (1P-8P) were
thoroughly characterized using common spectroscopic tech-
niques, including IR, UV-vis, NMR and mass spectrometry. For
example, all compounds (1P-8P) exhibited distinct bands in the
range of 1550-1630 cm™ " attributed to C=N stretching, con-
firming the ring closure formation. Additionally, absorption
bands at 1220-1300 cm ™" indicated C-N stretching vibrations,
further confirming the formation of the desired pyrimidine ring
in the target compounds. There is another distinctive stretching
band with two spikes in the range of 3190-3320 cm™' on
account of the amino (-NH,) group. Similarly, UV-vis spectra
were recorded in methanol solution, revealing two absorption
bands in the ranges of 240-260 nm and 325-350 nm, corre-
sponding to the aromatic chromophores.

The structural confirmation of the compounds was primarily
established using "H and "*C-NMR spectroscopy. For instance,
the "H-NMR spectrum (Fig. 3) of compound 4P demonstrated
distinctive signal patterns. A singlet at 6 8.36 ppm was observed
for the four chemically and magnetically equivalent aromatic
protons (H,) belonging to the central aromatic ring (ring A).

RSC Adv, 2024, 14, 22769-22780 | 22771
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Scheme 1 Synthetic route for the synthesis of bis-chalcones and bis-pyrimidines.

Adjacent to this, a doublet appeared at ¢ 8.16 ppm, attributed to
another set of four equivalent aromatic protons (Hy,), which are
deshielded due to the nearby electronegative pyrimidine ring
(ring B). A singlet at 6 7.77 ppm was characteristic of two
chemically equivalent aromatic protons (H.), followed by
a doublet at 6 7.36 ppm for four aromatic protons (Hg), which
experience upfield shifts due to ortho-methyl groups. The
presence of two amino (-NH,) groups was confirmed by
a singlet at 6 6.76 ppm, corresponding to four chemically
equivalent amino protons (H). Additionally, a highly upfield
singlet at ¢ 2.39 ppm indicated the presence of two methyl
groups attached to aromatic ring C. Further evidence from the
BC-NMR spectra supported the formation of pyrimidine
analogues, where signals at ¢ 164.4-163.5 ppm and ¢ 162.8-
160.8 ppm were assigned to C=N and C=C, respectively, across
all synthesized compounds. The characteristic signals for C-H
of the pyrimidine ring were observed in the range of ¢ 102.1-
105.7 ppm, consistent with the formation of the pyrimidine
nucleus in all synthesized compounds (See ESIf file). The
spectral data obtained are in agreement with the structures of
the newly synthesized target compounds (1P-8P).

The spectroscopic data of bis-chalcones (1C-6C & 8C) are
already reported in the literature.***° Nevertheless, the spectral
data of all the newly synthesized target compounds is given in
ESIT file.

4.2. Mushroom TYR inhibition study

The TYR inhibitory activity of the synthesized compounds was
assessed and compared to the standard inhibitor, kojic acid.
The half-maximal inhibitory concentration (ICs) values,
expressed in micromolar (uM) along with the standard error of
the mean (SEM), are given in Table 2.

Among the tested compounds, 6P exhibited the most potent
TYR inhibitory activity with an ICs, value of 12.36 £+ 1.24 pM,

22772 | RSC Adv, 2024, 14, 22769-22780

surpassing the standard kojic acid (IC5, = 16.69 £ 2.81 pM).
Other compounds, such as 7P (IC5, = 17.19 £ 1.69 uM) and 8P
(ICso = 36.56 + 1.89 uM), also demonstrated significant inhib-
itory activities. Compound 1P showed the least inhibition with
an IG5, value of 86.67 £ 3.08 pM. These results suggest that
compound 6P is a promising candidate for further development
as a TYR inhibitor.

4.3. Kinetic study

Compound 6P exhibited the highest TYR inhibitory potential,
prompting an investigation into its inhibition pattern through
in vitro kinetic study using Lineweaver-Burk and Dixon plots.
The analysis revealed that 6P acts as a mixed-type inhibitor of
TYR, with a K; value of 16 uM (Fig. 4 and 5). In mixed-type
inhibition, both K,, and V. are altered, with V., consis-
tently decreasing, while K, can either increase or decrease.

4.4. Molecular docking studies

Molecular docking studies revealed Pro, Asn, Leu, His, Arg, Ala,
Glu, Val, Met, Gly and Phe and conserved copper (Cu”") ions as
main binding receptors. The docking energies were little fluc-
tuated within —5.95 to —7.95 (kcal mol ") (Table 3). The inter-
action of synthesized compounds (1P-8P) with crystal structure
of mushroom tyrosinase (PDB ID 2Y9X) was simulated using
molecular docking.

The docked complexes predicted 6P (6,6'-(1,4-phenylene)bis
[4-(4-aminophenyl)pyrimidin-2-amine]) binding inside enzy-
matic pocket of tyrosinase by picking up strong hydrogen bonds
and other molecular interactions (Fig. 6). The aniline proton on
pyrimidine ring is interacting through H-bond with active site
residue Glu322 (2.54 A) and this phenyl ring is further stabilized
by m-m stacking with His244. The -NH, on pyrimidine is
forming another H-bond with Asn260 (2.26 A). The docked

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical structures and yields of the synthesized bis-pyrimidines (1P—8P)
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Sr. no. Chemical structure

Yield (%)

1P

2P

3p

4P

5P

6P

© 2024 The Author(s). Published by the Royal Society of Chemistry
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75%

75%

80%

79%
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Table 1 (Contd.)
Sr. no. Chemical structure Yield (%)
7P 83%
8P 79%
8 o
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Fig. 3 'H-NMR spectrum of the compound 4P.
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Table 2 Mushroom TYR inhibitory activity of compounds (1P—8P)

Tyrosinase inhibitory

Compound no. activity ICso (WM + SEM)

1P 86.67 £ 3.08
2P 30.56 &+ 1.62
3P 45.98 + 2.05
4P 37.21 £1.92
5P 40.87 £ 2.08
6P 12.36 £ 1.24
7P 17.19 £+ 1.69
8P 36.56 = 1.89

Kojic acid (standard) 16.69 + 2.81

complex predicted other part of 6P forming hydrophobic
interactions with side chain residue His285 making it a stable
ligand-protein complex. The other part of this ligand is further

7000

-4
-1000

-2000

View Article Online
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stabilized by m-interaction with active site residue His263 and is
lying closer to Phe192, Glu185, Pro186 and Thr187.

The second highest docked score ligand 7P [6,6'-(6,6'-(1,4-
phenylene)bis(2-aminopyrimidine-6,4-diyl))bis(2-bromo-4-
chlorophenol)] in the current synthesized series is predicted to
interact through 2 strong hydrogen bond interactions (2.22 A,
2.01 A) with active site residues (Fig. 7). Asn260 and Arg268 are
crucial amino acids in the tyrosinase signature and any inter-
action with these residues leads to stable ligand-protein
complex. Moreover, 7P is picking other hydrophobic interac-
tions inside catalytic site. Pyrimidines rings are forming m-m
interactions with His244 and Phe264 and further stabilizing the
complex through cationic bond. The chlorine of 7P forms
a halogen bond with Ala246. All these interactions may provide
a basis for development of effective inhibitors/activators of
tyrosinase.

©0um

® 3.09 uM
A 6.18uM
B 12.36 pM

W 24.72 uM

1/[S] mM-1

Fig. 4 Lineweaver—Burk plots for TYR inhibition were generated in the presence of 6P at concentrations of 0, 3.09, 6.18, 12.36, and 24.72 uM,

with substrate L-DOPA concentrations ranging from 0.5 to 3 mM.
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Fig. 5 Dixon plots for TYR inhibition were created using 6P at concentrations of 0, 3.09, 6.18, 12.36, and 24.72 uM, with substrate L-DOPA

concentrations ranging from 0.5 to 3 mM.
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Table 3 Binding energies (kcal mol™) of TYR with synthesized ligands
1P-8P

Docking score

Compound no. (keal mol ") PDB ID 2Y9X

1P -5.95
2P —6.51
3P —6.07
4P -7.07
5P —6.53
6P —7.95
7P —7.51
8P —6.86

Kojic acid (standard) —4.99

4.5. MD simulation

The Root Mean Square Deviation (RMSD) of the carbon alpha
atoms of the protein was assessed to investigate the stability of
the complex (compound 6P) (Fig. 8a). The RMSD of protein
gradually increased to 0.2 nm at nm and then showed a minor
deviation of 0.5 nm at 30 ns where it decreased to 0.15 nm. The
protein showed deviations in the range of 0.15 to 0.2 nm till 50
ns and then showed stability in the trend as after 50 ns, the
average RMSD remained in the range of 0.18 to 0.2 nm. To
assess the flexibility of protein residues, root mean square
fluctuation (RMSF) was calculated and depicted in Fig. 8b.
Higher RMSF values indicate flexible residues, whereas lower
values denote rigid residues. In the RMSF plot, residues
spanning from 70 to 90, 240 to 250, and 320 to 340 exhibited
significant fluctuations due to loop regions, while other resi-
dues maintained minimal fluctuation throughout the simula-
tion, indicating rigidity. Similarly, the radius of gyration (Ry)

View Article Online
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was computed over the simulation period to evaluate the
compactness of the protein structure. Elevated R, values
signify unfolding events within the protein during simulation.
Fig. 8c illustrates the stability of R, throughout the simulation,
maintaining a consistent range from approximately 2.05 to
2.06 nm, suggesting stability in the protein structure.
Furthermore, hydrogen bonding between the protein and
ligand 6P was analyzed to assess complex stability. The
dynamics of hydrogen bond formation and distortion were
observed during the simulation. Fig. 8d displays the fluctua-
tion in the number of hydrogen bonds formed between the
protein and ligand over time. Initially, up to 4 hydrogen bonds
were formed, gradually stabilizing to an average of 2.5 bonds
throughout the simulation period, indicating strong binding
and complex stability.

4.6. QSAR studies

This study explored the structure-activity relationships (SAR) of
bispyrimidines for inhibitory effects against TYR using chem-
ical descriptors. A high correlation coefficient (r = 0.9553) was
found, indicating strong alignment between observed parame-
ters (Fig. 9). The QSAR model employed log P (o/w) as the activity
field with Slog P as the descriptor. QSAR models, considering
hydrogen bonding, hydrophobic interactions, and induced fit
patterns, were developed and split into training and test sets,

showing a positive correlation between log P values and activi-
ties. Partial Least Squares (PLS) regression yielded a Root Mean
Square Error (RMSE) of 0.0153426 and an R-squared (R?) value
of 0.806308, while Multiple Linear Regression (MLR) confirmed
model quality with a satisfactory cross-validated coefficient (¢*)
and R%.

Fig. 6 The docked complex of 6P (6,6'-(1,4-phenylene)bis[4-(4-aminophenyl)pyrimidin-2-amine]) with tyrosinase PDB ID 2Y9X.

22776 | RSC Adv, 2024, 14, 22769-22780
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Fig. 7 The docked complex of 7P [6,6'-(6,6'-(1,4-phenylene)bis(2-aminopyrimidine-6,4-diyl))bis(2-bromo-4-chlorophenol)] with tyrosinase

PDB ID 2Y9X.
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Fig. 8 The MD trajectory analysis measures the RMSD, RMSF, Ry and hydrogen bonds. (a) The root means square deviation of protein backbone
atoms. (b) The flexibility protein residues with bound ligand 6P. (c) Ry analysis to measure the compactness of protein. (d) The number of
hydrogen bonds formed between protein and ligand 6P during simulation.

5. Structure—activity relationship
(SAR) based on IC5q and docking
studies of tyrosinase

All synthesized analogues (1P-8P) were evaluated for their in
vitro tyrosinase inhibitory activity. The inhibitory activity data,
as shown in Table 1, facilitated the creation of an initial SAR
model (Fig. 10). This model was developed to examine the
impact of substituents on the aryl ring and the influence of

© 2024 The Author(s). Published by the Royal Society of Chemistry

various substituent types on the activity profile, providing
insights that could be further explored.

Interestingly, among the synthesized compounds,
compound 6P demonstrated the most potent TYR inhibitory
activity with an ICs, value of 12.36 + 1.24 uM, which is more
effective than the standard inhibitor kojic acid (ICs, = 16.69 +
2.81 puM). This high activity could be attributed to the presence
of amino groups at the para position of the phenyl ring, which
may enhance the interaction with the enzyme's active site
through hydrogen bonding or other electronic effects.
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Fig. 9 QSAR analysis of synthesized bispyrimidines (1P—8P).

Other compounds, such as 7P and 8P, also exhibited
significant TYR inhibitory activities with IC5, values of 17.19 +
1.69 uM and 36.56 + 1.89 uM, respectively. The presence of
bulky substituents and halogen atoms in 7P may contribute to
its activity by increasing the compound's affinity for the enzyme
through hydrophobic interactions or halogen bonding.
Compound 7P, which has -OH, -Br and -Cl groups at positions
2, 3, and 5 on both rings of the scaffold, demonstrates a struc-
ture that fits well and interacts strongly with the active site of
the target enzyme. In case of compound 8P, the results clearly
indicate that the hydroxy groups at the 4th position on both
rings of the bispyrimidine motif are responsible for the
enhanced inhibitory activity.

Conversely, 1P showed the least inhibitory activity with an
IC5, value of 86.67 & 3.08 uM. The lower activity of compound
1P, which lacks substitution, suggests that the unsubstituted
bispyrimidine results in reduced inhibitory activity. This indi-
cates that the various substituents enhance the IC5, values more
effectively than the NH, group on the bispyrimidine scaffold.
Therefore, the NH, group on the pyrimidine scaffold does not
play a significant role in tyrosinase inhibition.

Presence of EWGs decreased inhibition

Presence of EDGs increased and
decreased inhibition

Bis-pyrimidines

SAR based TYR inhibition and molecular docking.

Fig. 10
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Furthermore, the other compounds, 2P, 3P, 4P and 5P, dis-
played moderate TYR inhibitory activities with ICs, values
ranging from 31.56 + 1.62 uM to 45.98 + 2.05 uM. The varia-
tions in their inhibitory activities could be attributed to the
different electronic and steric properties of the substituents on
the phenyl rings, which affect their binding affinities to the
enzyme. The compounds 2P, 3P, 4P and 5P in bispyrimidine
series exhibited lower activity against the target enzyme. This
indicates that the presence of highly hydrophilic groups (such
as -1, -Br, -F, -CHj;) on both rings of the motif is responsible for
their reduced activity due to diminished interactions with the
enzyme.

Henceforth, the SAR analysis suggests that the presence and
position of amino groups, halogen atoms, and other substitu-
ents play crucial roles in determining the TYR inhibitory activity
of these compounds. Compound 6P, with its p-amino phenyl
substituents, emerged as the most promising candidate for
further development as a TYR inhibitor.

The SAR based on the docking scores of synthesized bis-
pyrimidines with PDB ID 2Y9X is as follows:

Compound 1P, with no substitution, exhibited the lowest
docking score of —5.95 kcal mol ™", indicating the least binding
affinity. Compounds with substitutions generally showed
improved docking scores compared to the unsubstituted
compound. For instance, 2P and 3P, with scores of —6.51 and
—6.07 kecal mol " respectively, displayed better binding affinity
than 1P. Compound 4P had a docking score of —7.07 kcal-
mol ', suggesting a significant increase in binding affinity due
to its specific substitution pattern. Compound 5P’s score of
—6.53 keal mol " also indicates improved binding compared to
the unsubstituted compound. Moreover, the most notable
improvement was seen with compounds 6P and 7P, having
scores of —7.95 and —7.51 kcal mol " respectively, demon-
strating the highest binding affinities. Compound 8P had
a docking score of —6.86 kcal mol ', further confirming that
substitutions enhance binding affinity. Comparatively, kojic
acid, the standard, had a docking score of —4.99 kcal mol™?,
indicating that all substituted bispyrimidines exhibited better
binding affinities than kojic acid. It is concluded that the

Ry =-H].OH

Rp=-H.|-Br

R;‘=-H,’\T -CHy, | -F,]-Br,l-NH,, -oH, 1 ]
Re=-H. -Cl

EWG Hydrophilic | Hydrophobic
v

EDG Hydrophilic Hydrophobic—‘
v

H-bonding interaction with
various amino acids;
Enhance inhibition
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introduction of various substituents on the bispyrimidine
scaffold significantly enhances the binding affinity, as reflected
by the improved docking scores, with compounds 6P and 7P
showing the most potent interactions.

Furthermore, the moderate to good ICs;, values and docking
scores of halogen-substituted compounds compared to other
substituents can be attributed to the combined effects of strong
electron withdrawal (especially with fluorine), potential steric
hindrance (especially with bromine and iodine), increased
hydrophobicity, and less favorable polarizability effects. These
factors can lead to suboptimal interactions with the protein
binding site, reducing the overall binding affinity and biological
activity (Fig. 10).

6. Conclusions

In this study, we have developed, synthesized, and evaluated
a series of bis-pyrimidine derivatives (1P-8P) targeting the
tyrosinase enzyme. Our findings indicate that these compounds
exhibit moderate to good inhibitory activity against tyrosinase,
with ICs, values ranging from 12.36 & 1.24 to 86.67 & 3.08 puM.
All tested compounds (1P-8P) demonstrated significant inhib-
itory potential against tyrosinase compared to the standard,
kojic acid (IC5o = 16.69 + 2.81 pM). Remarkably, compound 6P
emerged as a potent inhibitor with an IC5, value of 12.36 + 1.24
uM. Furthermore, compounds 2P, 4P, 7P and 8P also showed
moderate to good tyrosinase inhibitory activity. Kinetic analysis
revealed that compound 6P exhibits mixed-type inhibition
against tyrosinase. SAR analysis revealed that the presence and
placement of electron-withdrawing and electron-donating
substituents exerted a notable influence on inhibitory activity.
Findings from molecular docking studies were consistent with
those observed in vitro biological assays. Additionally, MD
simulations corroborated the stability of the docked structures
within the binding sites. QSAR analysis showed a strong
correlation between the structures of compounds 1P-8P and
their inhibitory activities (ICs,), with a correlation coefficient
(R?) of 0.806308.
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