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ABSTRACT: Benzothiazepines are pharmacologically active com-
pounds, frequently utilized as a precursor for acquiring versatile

molecules with several bioactivities including anti-inflammatory, g -

anti-human immunodeficiency virus (anti-HIV), analgesic, anti- o (o

tumor, antimicrobial, and antitubercular. In this study, the 2,4- ‘
diphenyl-2,3-dihydro-1,5-benzothiazepine scaffold was selected for Q o 3

their in vitro, docking, and druglikeness studies to evaluate their NP e sm | :
inhibitory potential against mushroom tyrosinase. All synthesized . m : T

analogues, 1—14, exhibited moderate to good ICs, values ranging . _ ... Ro J = AN

from 1.21 to 70.65S uM. The synthesized benzothiazepine R:=-O¢Hs -No: ) e o mm

Rj = -Cl, -F, -N(CHy)2, -OEt etci -DFT studyp,
b+

derivatives were potent tyrosinase inhibitors, which outperformed
the reference kojic acid (ICsy = 16.69 uM). The kinetic analysis
revealed that compound 2 (2-(3,4-dimethoxyphenyl)-4-(p-tolyl)-
2,3-dihydrobenzo[b][1,4]thiazepine) was a mixed-type tyrosinase inhibitor with a K; value of 1.01 uM. Molecular modeling studies
against tyrosinase protein (PDB ID: 2Y9X) were conducted to recognize the binding modes of these analogues. The utilization of
molecular dynamic (MD) simulations enabled the assessment of the protein—ligand complex’s dynamic behavior, stability, and
binding affinity for the compounds. These simulations ultimately led to the identification of compound 2 as a potential inhibitor of
tyrosinase. Additionally, a druglikeness study was conducted, which supported the promising potential of the new analogues as novel
antityrosinase agents. The in silico studies were consistent with the in vitro results, showing that these ligands had good binding
scores against tyrosinase and interacted with the core residues of the target protein. Gaussian 09 was used for the geometry
optimization of all complexes.

1. INTRODUCTION creating safer and more efficient TYR inhibitors as pesticides

. . . . d for controlling them.”
Tyrosinase (TYR) (EC 1.14.18.1) is a multifunctional copper- an g . .
containing oxidase enzyme and broadly disseminated in plants, . Several s_ynthet.1c heterocyclic T 1nh1b1tor§ have bee.n
bacteria, fungi, animals, and mammals." TYR catalyzes melanin discovered in previous years and found to have antimelanogenic
) ) ) .

properties.””*~"" Numerous synthetic heterocyclic TYR
biosynthesis in a two-step reaction: o-hydroxylation of mono- e A .
. o inhibitors showed excellent activity against mushroom TYR
phenols to o-diphenols (monophenolase) and oxidation of o-

. . D ILI2 .
diphenols to o-quinones (diphenolase).” These quinones can comp arefi with the standard kojic acid. Kojic acid and
. . . . hydroquinone have been reported to be dangerous for human
spontaneously polymerize to form melanin, which determines . ) . : . } ; . 13
the color of the mammalian skin and hair. However. excessive skin at the intensities essential for their depigmenting actions.
. )

. : . Benzothiazepine (Figure 1) is a desirable motif in
epidermal pigmentation can lead to melasma, age spots, and

. . s NP harmaceutical chemistry and is regarded as a thiazepine
other dermatological disorders.>™> Consequently, TYR inhib- P .. 14,15 . ry & . . P
) . . derivative. "~ This pharmacophore plays a vital role in drug
itors have become more crucial for pharmaceutical and

discovery programs due to its derivatives exhibiting a wide range
dermatological products that may be used to treat or prevent Ty Prog & 8

hyperpigmentation.

TYR is connected to neurodegenerative disorders in patients
suffering from Parkinson’s disease. TYR is specifically connected
to three metabolic processes in insects, including cuticle
sclerotization, protective encapsulation, and melanization of
invading organisms and wound healing.s’6 Therefore, TYR’s
involvement in such crucial activities offers viable targets for
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Figure 1. Chemical structure of 2,3-dihydro-1,5-benzothiazepine.

of biological activities such as central nervous system (CNS)
depressant, calcium antagonism, antifeedant, antimicrobial, anti-
human immunodeficiency virus (anti-HIV), anticonvulsant,
bradykinin receptor antagonist, and calmodulin antagonist."®
Numerous bioactive heterocycles exhibiting TYR inhibitory
potential have been reported in the literature. The existence of
electronegative N-, O-, and S-atoms in the potent inhibitor
structure enhances the coordination capacities of compounds.'”

Currently, benzothiazepines are among the very broadly used
pills in the treatment of cardiovascular diseases, including
examples such as thiazesim, clentiazem, and diltiazem"® (Figure
2). Benzothiazepine analogues have shown activity against
various target 9proteins and are of particular interest for lead
development.'

Inspired by the therapeutic importance of the benzothiaze-
pine scaffold"* and in the perpetuation of our concern in creating
new antityrosinase compounds,g’m’m’20 herein, we report
benzothiazepine as a potential TYR inhibitor. The novelty of
this study lies in the investigation of the benzothiazepine scaffold
for its potential tyrosinase inhibitory activity, which has not been
previously explored. To the best of our knowledge, this
heterocyclic core has not been investigated earlier, and we for
the first time report this motif against TYR. Thus, the potential
of benzothiazepine derivatives as potent TYR inhibitors
represents a promising avenue for the development of new

treatments for hyperpigmentation disorders, such as melasma
and age spots. All the target analogues were accessed for their in
vitro TYR inhibitory activity. In silico investigations were carried
out on these analogues to better explore their interactions with
the active site of TYR.

2. RESULTS AND DISCUSSION

2.1. Chemistry. The subject compounds 1—14 were
prepared by Michael’s addition of 2-aminothiophenol to
chalcones in the presence of hexafloroisopropanol (HFIP)
solvent at ambient temperature to furnish the target compounds
1—14 in moderate to good yields (Scheme 1). The complete
synthesis and spectroscopic data of the target analogues are
already given in the literature'” and also in the Supporting
Information (SI) file.

2.2. Mushroom TYR Inhibitory Study. Continuing our
previous analysis of mushroom TYR inhibition, benzothiaze-
pines 1—14 were assessed for their activity against the enzyme.
All of the targeted analogues, 1—14, showed moderate to good
inhibitory activity against the TYR enzyme (Table 1).

Table 1 demonstrates the ICy, of the target analogues and
standard kojic acid (ICg, = 16.69 uM). The analogues 1—14
exhibited IC values in the range of 1.21—-70.65 yM. Among the
target benzothiazepines, analogue 2 revealed excellent TYR
inhibition with the lowest IC;, = 1.21 yuM. Moreover, analogues
3 (IC5o=10.42 uM), 4 (ICso = 13.24 uM), 6 (IC4o = 12.27 uM),
and 13 (ICy, = 1.34 uM) exhibited outstanding TYR inhibitory
activity as compared to the reference standard. Furthermore, the
analogues 1 (ICs, = 38.69 uM), S (ICs = 20.12 uM), 7 (IC, =
30.51 uM), 8 (IC4o=22.41 uM), 9 (ICy, = 30.74 uM), 10 (ICs,
= 50.89 uM), 11 (ICq, = 70.65 M), 12 (ICs, = 39.58 M), and
14 (ICy, = 52.68 uM) displayed moderate to good inhibitory
activity and could be suggested as promising candidates for
TYR-mediated hyperpigmentation.

2.3. Kinetic Studies. To identify the inhibition type of
compound 2 on the diphenolase activity of the 1r-3,4-
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Figure 2. Representative benzothiazepine derivatives either in clinical use or currently undergoing clinical trials.
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Scheme 1. Synthesis of 1,5-Benzothiazepines 1—14
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dihydroxyphenylalanine (1.-DOPA) oxidation, Lineweaver—
Burk plots were employed. The enzyme kinetics in the presence
of compound 2 are presented in Figure 3A,B. The family of

straight lines with different slopes was obtained by plotting 1/V
versus 1/[S]. The study demonstrated that compound 2 operates
through two separate pathways to inhibit TYR and shows mixed-
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Table 1. TYR Inhibitory Efficacy of Benzothiazepines 1—14

% inhibition at mushroom TYR inhibition compound % inhibition at mushroom TYR inhibition

compound no. 25 pg/mL ICyo + SEM“ (uM) no. 25 pg/mL ICyo + SEM“ (uM)
1 3441 38.69 + 2.35 8 4542 2241+ 182
2 89 +3 121 + 0.05 9 63£3 3074 + 3.23
3 2341 1042 + 1.01 10 2041 50.89 + 4.19
4 19+2 13.24 +2.56 11 13+£2 70.65 + 4.98
S 38+1 20.12 + 3.08 12 28+1 39.58 +2.88
6 54+3 1227 £ 1.71 13 76 £ 3 1.34 +£2.98
7 32+2 30.51 + 4.52 14 25+1 52.68 £ 3.12
kojic acid 100 16.69 + 0.81

(standard)
“ICq values (mean + standard error of the mean).
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Figure 3. (A) Determination of the inhibition type of compound 2 by a Lineweaver—Burk plot, the inhibitor 2 with concentrations (0.0, 1.0, 2.0, 4.0,
and 8.0 uM). (B) Secondary plot between 1/V,, ., and various concentrations of compound 2.

type inhibition, as evidenced by the decrease in V., and the
alteration of K, with increasing concentrations of compound 2.
The V,,,, decreased with changing K, by increasing concen-
trations of compound 2 showed mixed-type inhibition having a
K, value of 1.01 uM.

2.4. Structure—Activity Relationship (SAR). It is possible
to conduct a simple SAR analysis of the examined compounds
because the results of the IC, determination and docking score
are consistent and remain in agreement. On the phenyl ring B of
the 2,4-diphenyl-2,3-dihydro-1,5-benzothiazepine motif, the
type and position of substituents appear to have a significant
impact on the compound’s activity (Figure 4).

Introducing a methoxy (—OCHj,) group at the meta and para
positions of ring B (compound 2 ICs, = 1.21 uM and docking
score = —7.58 kcal/mol) and p-CHj, substitution on ring C
increased inhibitory activity by 14-fold more than the standard

17198

(kojic acid ICs, = 16.69 M and docking score = —4.291 kcal/
mol).

The strongest inhibitor among those shown was produced by
adding another chalcone moiety, which significantly boosted the
inhibitory constant and docking score. Due to the fact that such
a substitution leads to a bulky molecule, it produced the third-
best compound among all the entities examined (compound 6
ICs, = 12.27 uM and docking score = —6.75 kcal/mol).

In the case of the most intense inhibitor (compound 3 IC,, =
10.42 uM and docking score = —7.40 kcal/mol), the —OCH,
group present at the para position enhanced the inhibitory
potency due to a better interface with the enzyme active pockets.

Furthermore, compound 4 (ICs, = 13.24 uM and docking
score = —6.78 kcal/mol) having p-OC4H,; and m-OCHj,
substitution on ring B and p-CH; substitution on ring C showed
better inhibitory activity as compared to the standard kojic acid

https://doi.org/10.1021/acsomega.3c01566
ACS Omega 2023, 8, 17195—17208
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Benzothiazepine ring plays significant role
in tyrosinase inhibition
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R1 = -CH3

R2 = -NOZ, -OCH3

R = -OCHj, -Cl, -F, -NO,, -N(CH3), etc.

Figure 4. SAR of the studied compounds 1—14.

(ICso = 16.69 uM and docking score = —4.291 kcal/mol). The
electronegativity of one m-OCH; group and one p-OC,H,
group of the phenyl ring (ring B), which appropriately interact
with the enzyme active site, may be the cause of the significant
inhibitory potential.

Additionally, compound 13 (ICs, = 1.34 uM and docking
score = —7.12 kcal/mol) bears p-F on ring B. This substitution
appears to be situated on the ring in a way that will promote a
good fitting with the enzyme’s active pocket. All compounds 1—
14 embrace different electron-donating and -withdrawing
substitutions on ring B, which could potentially enhance or
lower the inhibitory activity of target analogues.

2.5. Molecular Docking Studies. The crystal structure of
mushroom TYR (PDB ID 2Y9X) was used to dock the
synthesized compounds 1—14 using the Glide dock XP module.
The resulting binding energies ranged from —5.28 to —7.58
keal/mol, indicating moderate to good interactions (Table 2).

Table 2. Binding Energies (kcal/mol) of TYR (2Y9X) with
Target Compounds 1—-14

docking score compound docking score
compound no. (kcal/mol) no. (kcal/mol)
1 —5.86 8 —6.69
2 —7.58 9 —6.18
3 —7.40 10 —6.45
4 —6.72 11 =5.31
S —6.47 12 =5.75
6 —6.75 13 =712
7 —6.31 14 —5.28
kojic acid —4.291 kcal/mol
(standard)

Key amino acid residues involved in binding included arginine,
alanine, glycine, valine, proline, methionine, phenylalanine,
histidine, and conserved copper (Cu®*) ions. The docking
images of the docked complexes (Figures Sab, 6a,b, 7a,b and
8ab) confirmed the previously reported findings.”"** Com-
pounds 2, 3, 6, and 13 demonstrated good inhibition, indicating
effective blocking of active site amino acids by occupying the
inside surface grooves. However, the rigid structures of these
molecules prevent them from penetrating into the active site,
predicting their mixed-type inhibition.
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Figure S. (a) Ball and stick docking 2D image of compound 2. (b) Ball
and stick docking 3D image of compound 2.

Compound 2 displayed the best docking score (—7.58 kcal/
mol), and its toluene moiety’s phenyl ring is predicted to
strongly interact with the active site residue His244 through 7—x
stacking. Additionally, the dimethoxy-substituted phenyl ring of
this compound is involved in another 7—7 interaction with
His8S, further stabilizing the protein inhibitor complex (Figure
Sa,b). The thiazepine moiety’s bulky size prevents this
compound from entering the active site, thus predicting its
mixed-type inhibition.

The methoxy-substituted aryl ring of the second-best docking
score (—7.40 kcal/mol) compound 3 interacts through =
interactions with amino acid His244, and the remaining part of
the ligand is further stabilized by another 7—cationic interaction

https://doi.org/10.1021/acsomega.3c01566
ACS Omega 2023, 8, 17195—17208
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Figure 6. (a) Ball and stick docking 2D image of compound 3. (b) Ball
and stick docking 3D image of compound 3.

with the active site residue Arg268. The rigid structure of 3
prevents it from entering the enzymatic pocket and lies at the
opening of the active site (Figure 6a,b).

The third most potent and active compound both in
enzymatic (IC;, = 19.27 puM) and computational studies
(—6.75 kcal/mol) was 6. The @, unsaturated carbonyl moiety
forms a strong H-bond interaction with the active site-conserved
residue His85 (2.55 A), and this phenyl ring is further stabilized
by 7—n stacking with neighboring residues His263 and Phe264
(Figure 7a,b).

The next active compound both in enzymatic (ICs, = 1.34
uM) and computational studies (—7.12 kcal/mol) was 13. The
benzothiazepine moiety is predicted to form 7— stacking with
neighboring residues Arg268 and Phe264 (Figure 8a,b).

2.6. Molecular Dynamic (MD) Simulations. The root
mean square deviation (RMSD) of protein backbone atoms was
measured to explore the stability of complex 2 (Figure 9A).
RMSD analysis revealed that the backbone atoms deviated to ~2
A at 20 ns, and then, it gradually decreased to ~1.5 A at 30. After
attaining this confirmation, the atoms did not show deviations
and remained stable till 100 ns, indicating the stability of the
complex. Similarly, the radius of gyrations (Rg) was calculated
over the simulation time to analyze the compactness of the
protein structure. The higher R, values show the unfolding
events in protein during simulation. Figure 9B shows the
behavior during simulation. The plot showed that the R, value
was stable throughout the simulation, starting from ~20.4 A and
remaining in the range of ~20.5-20.7 A throughout the
simulation, which indicates that the protein structure remained
stable during the simulation. To analyze the flexibility of protein
residues, root mean square fluctuation was measured and
plotted (Figure 9C). The higher RMSF value indicates the

Figure 7. (a) Ball and stick docking 2D image of compound 6. (b) Ball
and stick docking 3D image of compound 6.

Figure 8. (a) Ball and stick docking 2D image of compound 13. (b) Ball
and stick docking 3D image of compound 13.
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Figure 9. MD trajectory analysis to measure the RMSD,

, and RMSF of compound 2. (A) Root mean square deviation of protein backbone atoms.

(B) R analysis to measure the compactness of the protein. (C) Flexibility of protein residues with the bound ligand.
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Figure 10. Number of hydrogen bonds formed between the protein and ligand during simulation.

Table 3. HOMO and LUMO Energy Values and Other Related Parameters of 2, 3, 4, 6, 13, and Kojic Acid

parameters (eV) 2 3

Erono ~0.06386 —0.06388
Enomo —0.20747 —0.21766
energy gap |Eyomo — Evumol 0.14361 0.15378
ionization potential (I = —Eyopmo) 0.20747 0.21766
electron affinity (A = —E; yyo0) 0.06386 0.06388
chemical hardness (7 = (I — A)/2) 0.071805 0.07689
chemical softness (¢ = 1/27) 6.9633 6.5027

electronegativity (y = (I + A4)/2) 0.13566 0.14077
chemical potential (4 = —(1 + A)/2) —0.13566 —0.14077
electrophilicity index (@ = p*/21) 0.12815 0.12886

4 6 13 kojic acid
—0.06439 —0.08270 —0.07413 —0.05454
—0.21674 —0.22368 —0.21916 —-0.23177

0.15235 0.14098 —0.14503 0.17723
0.21674 0.22368 0.21916 0.23177
0.06439 0.08270 0.07413 0.05454
0.076175 0.07049 0.072515 0.17723
6.5638 7.0932 1.511135 2.8211
0.140565 0.15319 0.146645 0.14315S
—0.140565 —0.15319 —0.146645 —0.14315S
0.15235 0.12969 0.148277 0.057815

flexible residues, while the lower value indicates rigid residues. In
the RMSF plot, the residues ranging from 170 to 80 showed
major fluctuations due to the presence of loops, while the other
residues did not show any major fluctuations during the
simulation, which indicates that the protein remained rigid and
did not show flexibility.

Moreover, the hydrogen bonding in the protein and ligand
was analyzed to find complex stability. The hydrogen bonds
formed and distorted during the simulation and a higher number
of hydrogen bonds show the stability of complex 2. Figure 10
shows the number of hydrogen bonds formed between the
protein and ligand during the simulation. The number of

17201

hydrogen bonds went up to 6 at the start of the simulation and
then gradually decreased to 3 toward the end of the simulation.
The average number of hydrogen bonds during the simulation
was 2.5, which indicates the strong binding and stability of the
protein—ligand complex.

2.7. Density Functional Theory (DFT). While describing
charge creation, the highest occupied molecular orbital
(HOMO) (donor) and lowest unoccupied molecular orbital
(LUMO) (acceptor) characteristics are very crucial. Since many
chemical processes involve electrons directly, the HOMO and
LUMO have an impact on how the molecule behaves
chemically. Here, the HOMO and LUMO analysis of the
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Figure 11. HOMO—-LUMO plots of compound 2.
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Figure 14. HOMO—LUMO plots of compound 6.
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selected benzothiazepine derivatives 2, 3, 4, 6, and 13 was
accomplished. The HOMO—-LUMO energies are well-known
quantum mechanical aspects that affect a wide variety of
chemical interactions. One of the better findings for explaining
the chemical stability of molecules is frontier molecular orbital
(FMO) theory, which involves the HOMO and LUMO.
HOMO and LUMO energies illustrate information about
energy distribution. The stability of compounds is determined
by the negative magnitude of Eyopo and Ep 0. The energy gap
(Enomo—ELumo) describes the chemical reactivity and kinetic
stability of any molecule. The relative stability of a molecule is
determined by its energy gap, with larger gaps indicating greater
stability. In this study, the energy gaps for the selected

compounds were found to be in the following order: 3 > 4 >
2 > 6 > 13. These results suggest that compound 3, which has
the highest energy gap, is the most stable among the tested
compounds. To calculate these values, quantum calculations
were performed using the Gaussian 09 program with the
GaussView 5.0.16 interface. The resulting HOMO/LUMO,
ionization potential, electron affinity values, and other
descriptors were also calculated and are presented in Table 3.
A molecule with a high HOMO—-LUMO gap is one that is
rigid, tiny, and polarizable. Soft systems are big and highly
polarizable, despite having a modest HOMO—LUMO gap. A
large HOMO—LUMO gap is associated with strong molecular
stability and low reactivity in chemical processes, whereas a small

17202 https://doi.org/10.1021/acsomega.3c01566
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HOMO-LUMO gap is associated with antiaromaticity. The
HOMO and LUMO structures of 2, 3, 4, 6, 13, and kojic acid are
shown in Figures 11—16. The characteristics of the lowest
unoccupied molecular orbital (LUMO) (acceptor) and the
highest occupied molecular orbital (HOMO) (donor) are
significant for defining the creation of charges. Calculations were
made to determine the HOMO/LUMO, ionization potential,
energy gap, electron affinity, and other characteristics as a
consequence. The energy gap and a molecule with antiar-
omaticity are used to assess a structure’s stability.

2.8. Molecular Electrostatic Potential (MEP). An instru-
ment for anticipating the sites of nucleophilic and electrophilic
assault on a molecule is the molecular electrostatic potential
(MEP). All of these drugs interact as inhibitors, and the MEP
may be an essential tool for validating this. MEP uses color
grading to define a molecule’s shape, size, and negative, positive,
and neutral regions. In the descending order of potential, the
colors are red, orange, yellow, green, and blue.

Following the color order makes it very simple to locate places
that are advantageous for nucleophile and electrophilic attacks.
The color red on the map indicates regions of low electrostatic
potential, which imply an excess of electrons and make them a
preferred site for an electrophilic attack. Conversely, the color
blue shows areas with the highest electrostatic potential,
indicating a lack of electrons in that region. DFT calculations
with the optimized structure and basis set were used to
determine the MEP of the compounds in surface analysis. The
electrophilic and nucleophilic components of each chemical are
represented by the colors red and green, respectively. The
presence of electron-donating and -withdrawing substituents at
various positions significantly influenced inhibitory activity.”’

The mapped electrostatic potential surfaces of the selected
compounds are shown in Figure 17.

2.9. Druglikeness Study. Lipinski’s rule was used to
analyze the target compounds’, 1—14, drug-like characteristics
to validate their therapeutic applicability (Table 4). The
molecular weights of all the synthesized compounds fall within
the acceptable range of 500 g/mol or less g/mol. Additionally,
Lipinski’s rule of 5 is satisfied by H-bond acceptors and donors,
which means that they fall within the permissible range.
Compounds 1—9 and 12—14 had a molLog P value greater
than 5, which implies lower membrane permeability and
insufficient solubility. However, compounds 10 and 11 had
molLog P values below 5, indicating higher permeability and
lipid solubility. The findings suggest that some of the analogues
were compliant with ROS5 and possessed strong drug-like
properties, making them potential candidates for drug develop-
ment.

3. CONCLUSIONS

In summary, a series of synthetic benzothiazepine derivatives
were studied for their ability to inhibit TYR activity. All of the
target compounds showed a moderate to good inhibition range,
with ICg, values ranging from 1.21 to 70.65 uM, compared to
the standard kojic acid (IC5y = 16.69 uM). In the series,
compounds 2 (ICsy = 1.21 uM), 3 (ICso = 10.42 uM), 4 (ICs, =
13.24 uM), 6 (ICs, = 12.27 M), and 13 (ICg, = 1.34 uM)
showed lower ICy, values as compared to the standard and
exhibited excellent TYR inhibitory activity. Compound 2
displayed mixed-type behavior based on kinetic analysis.
Structure—activity relationship analysis indicated that the
presence and position of electron-donating and -withdrawing
substituents significantly influenced inhibitory activity. In
addition to in vitro analysis, which confirmed potent interactions
with the target protein and stable complexes with TYR, in silico
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Figure 17. Molecular electrostatic potential of compounds 2, 3, 4, 6, 13, and kojic acid.

computational examinations of all target compounds were According to druglikeness research, the majority of our
conducted. The MD simulations ultimately demonstrated that compounds should not have any issues with oral bioavailability.
the docked structures remained stable at the binding sites. These results give us great confidence that the compounds
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Table 4. Calculated Molecular Properties of Benzothiazepines 1—14 for Evaluation of the Druglikeness Using Lipinski’s Rule”

codes molecular formula  molecular weight (g/mol)

1 C,,H,4CINS 363.90 2 0
2 C,H,;NO,S 389.51 4 0
3 C,,H, NOS 359.48 3 0
4 C,H;3NO,S 459.64 4 0
5 C,¢H,,NO,S 417.56 4 0
6 C;H,NOS 459.60 3 0
7 C,;H,,NO,S 373.47 4 1
8 C,,H,,NOS 373.51 3 0
9 C,,H,,NO,S 431.59 4 0
10 C,,HiN,0,8 374.46 4 0
11 Cy,H N,0,8 374.46 4 0
12 C3oH,,NO,S 465.61 4 0
13 C,,H,(FNS 347.45 2 0
14 CyH,,N,S 372.53 2 0

HBA HBD MolLogP (mg/L)

MolPSA (A*)  mol. volume (A®)  druglikeness model score

6.53 8.86 341.93 0.12
5.57 24.12 388.00 0.14
5.89 16.40 356.58 —0.04
8.07 23.99 478.69 0.27
6.61 23.99 424.97 0.46
7.39 21.83 469.02 —0.03
5.74 37.27 357.84 0.04
6.31 15.98 375.14 0.08
7.04 23.99 442.88 0.37
4.80 47.12 350.37 —0.29
4.68 47.12 350.44 —0.05
7.11 23.80 461.13 0.05
6.00 8.86 330.65 —0.02
6.00 11.66 374.29 —0.34

“The table given above shows all the components of Lipinski’s rule, i.e., HBA: H-bond acceptor, HBD: H-bond donor, Log P: lipophilicity of

partition coefficient, and PSA: polar surface area.

described here could be used as a starting point for creating and
developing novel TYR inhibitors.

4. EXPERIMENTAL SECTION

4.1. Mushroom TYR Inhibition Study. The mushroom
TYR (Sigma Chemical) inhibition was performed in accordance
with our previously published protocols.”' 20 mL of mushroom
TYR (30 U/mL), 20 mL of the inhibitor solution (inhibitor
solution was prepared in dimethyl sulfoxide (DMSO), and
further dilution was made by adding phosphate buffer), and 140
mL of phosphate buffer (20 mM, pH 6.8) were put into a 96-well
microplate. After preincubating the test plate for 10 min at
ambient temperature, 20 yL of 0.85 mM 3,4-dihydroxypheny-
lalanine (L.-DOPA) (Sigma Chemical) was added, and the
substrate L-DOPA was added at the last moment to the reaction
mixture, and immediately, absorbance measurement was
done.”* Following that, the assay plate was incubated for 20
min at 25 °C. The absorbance of dopachrome at 475 nm was
then measured using a microplate reader (OPTI Max, Tunable).
As a reference inhibitor, kojic acid was used, while phosphate
buffer served as a negative control. The percentage of
concentration required to achieve 50% inhibition was used to
express the amount of inhibition caused by the test substances
(ICsp). Three separate experiments were conducted to examine
each concentration. The data analysis and graphing program
Origin 8.6, 64-bit calculated the ICs, values.

The TYR inhibition percentage was estimated as follows

inhibition (%) = [(A — B)/A] X 100

Here, A and B are the absorbances for the blank and samples,
respectively.

4.1.1. Toxicity Profile of the Synthesized Derivatives. The
synthesized derivatives were evaluated for their toxicity profile
through in vivo studies.'” The findings suggested that the target
benzothiazepine derivatives are nontoxic. This fact is also
supported by frequent occurrence of this pharmacophore as a
structural part in various commercially available drugs.'®

4.2. Kinetic Study of Tyrosinase Inhibitory Activity. In
order to access the inhibitory kinetics, a number of experiments
were carried out.”® The Lineweaver—Burk plot of inhibitor 2 at
concentrations of 0.0, 1.0, 2.0, 4.0, and 8.0 uM helps determine
the kinetic mechanism. The concentration of the substrate L-
DOPA varied from 0.0625 to 2 mM in each kinetic study. The

preincubation and measurement periods matched those
specified in the protocol for the experiment on the inhibition
of mushroom TYR. After the addition of the enzyme,
DOPAchrome formation was constantly observed for 5 min at
intervals of 30 s in the microplate reader. The kind of inhibition
on the enzyme was determined using the Lineweaver—Burk
plots of inverse velocities 1/V versus inverse substrate
concentration 1/[S] mM™..

4.3. In Silico Analyses. 4.3.1. Molecular Docking Assay.
To determine the potential binding orientations of the
synthesized compounds 1—14 in the crystal structure of
mushroom TYR, molecular docking experiments were con-
ducted. The crystal structure of Agaricus bisporus TYR (PDB:
2Y9X) was obtained from the RCSB Protein Data Bank. To
prepare the ligands 1—14 in their neutral form, LigPrep
(Schrodinger) was used to optimize their structure in the
OPLS-3 force field. The protein structure was created using one
of the four monomers from the PDB entry, and the Protein
Preparation (Schrodinger) program was used to add hydrogen
molecules and set suitable protonation states for pH 7. The
active site water molecule was placed in the center of the
receptor grid box, which was specified as 20 A X 20 A X 20 A.
Hence, the trapped water molecule defined the receptor grid
box. After docking with Glide (Schrodinger) utilizing XP
precision with default values, the top 15 positions for each ligand
were reported. Maestro was used to create the figures and
visually evaluate the binding stances.'**®

4.3.2. Molecular Dynamic Simulations. To explore the
stability of complex 2, a 100 ns-long MD simulation was
conducted using NAMD”’ to analyze the stability of the
complex. The parameters of the ligand were generated using the
Antechamber program, while the Leap program of Amber-
tools21”® was used to generate the parameter topology and
coordinate files. The protein residues were converted to the
amber format by using the PDB4amber module. To optimize the
ligand and protein structures, GAFF and ff14SB forcefields were
used, respectively,”” and TIP3P water molecules™ were used to
solvate the system in a periodic box of 10 A. The system was
further neutralized by the addition of 20 Na* ions. The system
was then minimized to remove steric clashes for 10 000 steps,
and the water equilibration was conducted for another 10 000
steps, which were then followed by further equilibrations at 200,
250, and 300 K. Finally, the system was subjected to a
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production run for 100 ns at 310 K temperature and 1 atm
pressure using the NPT ensemble. The analysis of the md
trajectory was carried out using the BIO3D package of R.*'

4.3.3. Computational (DFT) Calculations. Density func-
tional theory (DFT) is a computational method used to
calculate the energy of a molecule based on electron density
instead of the wave function, resulting in more consistent
findings with experimental results due to electron correlations.
In this study, the 3D geometries of chromone derivatives 2, 3, 4,
6, and 13 were generated using the GaussView (5.0.16) interface
and calculated in the Gaussian (v.09) program. The
fundamental set 3-21G and B3LYP were used to perform
DFT computations.”” The selected compounds were optimized
in DMSO solution, and frontier molecular orbital analysis was
conducted. Additionally, MEP surfaces were created to
determine the charge distributions within the molecules and
gain insights into their interactions.

4.3.4. Druglikeness Study. The druglikeness characteristics
of the target analogues 1—14 have been examined i silico using
the web-based Molsoft (molsoft.com/molprop/) tool.®
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