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ics simulation approach of hybrid
chalcone–thiazole complex derivatives for DNA
gyrase B inhibition: lead generation†

Afroz Patan, a Vijey Aanandhi M.a and Gopinath P. *b

Compounds bearing thiazole and chalcone groups have been reported to be excellent leads for

antibacterial, antitubercular and anticancer activities. In view of this, we performed quantitative

structure–activity relationship studies using QSARINS for dataset preparation and for developing

validated QSAR models that can predict novel series of thiazole–chalcone hybrids and further evaluate

them for bioactivities. The molecular descriptors AATS8i, AVP-1, MoRSEE17 and GATSe7 were found to

be active in predicting the structure–activity relationship. Molecular docking and dynamics simulation

studies of the developed leads have shown insights into structural analysis. Furthermore, computational

studies using AutoDock and Desmond predicted the key binding interactions responsible for the activity

and the SwissADME tool computed the in silico drug likeliness properties. The lead compound 178

generated through this study creates a route for the optimization and development of novel drugs

against tuberculosis infections. RMSD, RMSF, RoG, H-bond and SASA analysis confirmed the stable

binding of compound 178 with the 6J90 structure. In addition, MM-PBSA and MM-GBSA also confirm

the docking results. We propose the designed compound 178 as the best theoretical lead, which may

further be experimentally studied for selective inhibition.
Introduction

Although most pharmaceuticals have heterocyclic rings, their
chemistry is crucial in the development of therapeutic
compounds.1 This illustrates how heterocyclic chemistry has
inuenced the design and development of potential therapeutics.
Due to their many biological actions, organic and medicinal
chemists have researched thiazole derivatives in great detail.2,3

Many anti-cancer medications have a thiazole ring, including
bleomycin, dasatinib, tiazofuran, and epothiolone B. Other
thiazole-based drugs include sulfathiazole, ravuconazole, aba-
fungin, acinitrazole, micrococcin, penicillins, cephalosporins,
nitazoxanide, ritonavir, meloxicam, febuxostat, famotidine, niza-
tidine, pramipexole, chlormethiazole and thiamine. A class of open
chain natural avonoids called chalcones has potential biological
properties. Chalcones are diaryl vinyl ketones serving as a crucial
synthon for augmenting the pharmacological value, in addition to
being responsible for the biological action of chalcones.4,5

A wide range of bioactivities, including anticancer,5–19

antitubercular,20–31 antifungal,32–39 antioxidant40–45 and
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
antibacterial,46–54 are present in thiazole and chalcone deriva-
tives. The degree of a particular biological activity is determined
by the type of aryl ring attached to the chalcone and the variety
of substituents on the thiazole ring. Fluoro and chloro-
substituted chalcones exhibit increased biological activity.
Interestingly, the kinetic properties of drug-like candidates are
improved by the insertion of halogen-modied aryl rings and
heterocyclic structures.55 Molecular hybridization for joining
biologically active pharmacophoric groups is a strategy that will
result in compounds with greater bioactivity.56 In the past,
thiazole–chalcone hybrids with therapeutic properties have
been described.57,58 In light of the aforementioned information,
we generated and validated novel thiazole–chalcone hybrids
incorporating biologically energetic thiazole and chalcone
pharmacophores in an effort to identify new lead compounds
with enhanced anticipated biological activities.
Experiment and methods

Multiple linear regression models were developed and generally
validated by options available within the soware QSARINS
according to the chemometric approach.59–61 The dataset series
of forty-seven chalcone derivatives showing Staphylococcus
aureus inhibition value were taken from the literature reported
by Liaras et al.62 and Geronikaki et al.63 The dataset compounds
were subjected to drug likeliness property checking by Lip-
inski's rule using the DRULITO tool. The IC50 values of the
RSC Adv., 2023, 13, 24291–24308 | 24291
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Table 1 Antibacterial activity of the dataset compounds against
Staphylococcus aureus: structure, and experimental IC50 and pIC50

values

Sl. no R1 R2 Sl. no R1 R2

1 CH3 H 15 CH3 2,3-diCl
2 CH3 4-NO2 16 C2H5 H
3 CH3 3-NO2 17 C2H5 4-NO2

4 CH3 4-Cl 18 C2H5 3-NO2

5 CH3 3-Cl 19 C2H5 4-Cl
6 CH3 2-Cl 20 C2H5 3-Cl
7 CH3 4-OCH3 21 C2H5 2-Cl
8 CH3 2-OCH3 22 C2H5 4-F
9 CH3 2,6-diCl 23 C2H5 3-F
10 CH3 2,4-diCl 24 C2H5 3-Br
11 CH3 4-F 25 C2H5 4-OCH3

12 CH3 3-F 26 C2H5 2-OCH3

13 CH3 3-Br 27 C3H7 H
14 CH3 4-CH3

Sl. no R1 R2 R3

28 H H 3-OH
29 H H 3,5-Dimethoxy, 4-OH
30 H H 2-Methoxy
31 H H 2,5-Dimethoxy
32 H H 4-CH3

33 H H 3-F
34 H H 4-F
35 H H 3-Br
36 H H 4-Br
37 H H 4-Dimethyl amino
38 H H 2,6-diCl
39 H H 2,3-diCl
40 H H 2,3-diCl
41 CH3 H 2-Cl
42 CH3 H 4-Cl
43 H CH3 4-NO2

44 Phenyl H 4-Cl

Table 1 (Contd. )

Sl. no R1 R2 R3

45 Phenyl H 2-Cl
46 Phenyl H 3-Cl
47 Phenyl H 4-Cl

Molecule IUPAC name
Exp
IC50 (nM) pIC50

1
(Training)

(2E)-1-[4-methyl-2-(methylamino)-
1,3-thiazol-5-yl]-3-phenylprop-2-
en-1-one

329.4 6.48

2
(Training)

(2E)-1-[4-methyl-2-(methylamino)-
1,3-thiazol-5-yl]-3-(4-nitrophenyl)
prop-2-en-1-one

247.5 6.61

3
(Training)

(2E)-1-[4-methyl-2-(methylamino)-
1,3-thiazol-5-yl]-3-(3-nitrophenyl)
prop-2-en-1-one

280.5 6.56

4(Test) (2E)-3-(4-chlorophenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

290.5 6.54

5
(Training)

(2E)-3-(3-chlorophenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

290.5 6.54

6
(Training)

(2E)-3-(2-chlorophenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

305.8 6.51

7
(Training)

(2E)-3-(4-methoxyphenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

341.8 6.47

8
(Training)

(2E)-3-(2-methoxyphenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

347.2 6.46

9
(Training)

(2E)-3-(2,6-dichlorophenyl)-1-
[4-methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

305.8 6.51

10
(Training)

(2E)-3-(2,4-dichlorophenyl)-1-
[4-methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

305.8 6.64

11
(Training)

(2E)-3-(4-uorophenyl)-1-
[4-methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

54.3 7.27

12
(Training)

(2E)-3-(3-uorophenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

72.5 7.14

13(Test) (2E)-3-(3-bromophenyl)-1-[4-
methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

59.3 7.23

14
(Training)

(2E)-1-[4-methyl-2-(methylamino)-
1,3-thiazol-5-yl]-3-(3-
methylphenyl)prop-2-en-1-one

73.5 7.13

24292 | RSC Adv., 2023, 13, 24291–24308 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Molecule IUPAC name
Exp
IC50 (nM) pIC50

15
(Training)

(2E)-3-(2,3-dichlorophenyl)-1-
[4-methyl-2-(methylamino)-1,3-
thiazol-5-yl]prop-2-en-1-one

61.2 7.21

16
(Training)

(2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-phenylprop-2-
en-1-one

36.8 7.43

17(Test) (2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-(4-nitrophenyl)
prop-2-en-1-one

47.3 7.36

18
(Training)

(2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-(3-nitrophenyl)
prop-2-en-1-one

47.3 7.36

19
(Training)

(2E)-3-(4-chlorophenyl)-1-
[2-(ethylamino)-4-methyl-1,3-
thiazol-5-yl]prop-2-en-1-one

49.0 7.31

20
(Training)

(2E)-3-(3-chlorophenyl)-1-
[2-(ethylamino)-4-methyl-1,3-
thiazol-5-yl]prop-2-en-1-one

49.1 7.31

21
(Training)

(2E)-3-(2-chlorophenyl)-1-
[2-(ethylamino)-4-methyl-1,3-
thiazol-5-yl]prop-2-en-1-one

48.9 7.31

22
(Training)

(2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-(4-uorophenyl)
prop-2-en-1-one

51.7 7.29

23
(Training)

(2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-(3-uorophenyl)
prop-2-en-1-one

51.7 7.29

24
(Training)

(2E)-3-(3-bromophenyl)-1-
[2-(ethylamino)-4-methyl-1,3-
thiazol-5-yl]prop-2-en-1-one

57.1 7.24

25(Test) (2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-
(4-methoxyphenyl)prop-
2-en-1-one

49.7 7.3

26
(Training)

(2E)-1-[2-(ethylamino)-4-methyl-
1,3-thiazol-5-yl]-3-(2-
methoxyphenyl)prop-2-en-1-one

33.1 7.48

27
(Training)

E(2E)-1-[4-methyl-2-
(propylamino)-1,3-thiazol-5-yl]-
3-phenylprop-2-
en-1-one

70.0 7.15

28(Test) (5Z)-5-[(3-hydroxyphenyl)
methylidene]-2-[(1,3-thiazol-2-yl)
amino]-1,3-thiazol-4(5H)-one

110 6.96

29(Test) (5Z)-5-[(4-hydroxy-3,5-
dimethoxyphenyl)methylidene]-
2-[(1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

31.3 7.5

30
(Training)

(5Z)-5-[(2-methoxyphenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

115 6.94

31
(Training)

(5Z)-5-[(2,5-dimethoxyphenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

33.0 7.48

32
(Training)

(5Z)-5-[(4-methylphenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

65.4 7.18

33
(Training)

(5Z)-5-[(3-uorophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

32.7 7.49

Table 1 (Contd. )

Molecule IUPAC name
Exp
IC50 (nM) pIC50

34
(Training)

(5Z)-5-[(4-uorophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

14.6 7.84

35(Test) (5Z)-5-[(3-bromophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

27.3 7.56

36
(Training)

(5Z)-5-[(4-bromophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

15.2 7.81

37
(Training)

(5Z)-5-{[4-(dimethylamino)phenyl]
methylidene}-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

28.1 7.55

38
(Training)

(5Z)-5-[(2,6-dichlorophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one)

28.1 7.55

39
(Training)

(5Z)-5-[(2,3-dichlorophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

28.1 7.55

40
(Training)

(5Z)-5-[(2,3-dichlorophenyl)
methylidene]-2-[(1,3-thiazol-
2-yl)amino]-1,3-thiazol-4(5H)-one

119.2 6.92

41
(Training)

(5Z)-5-[(2-chlorophenyl)
methylidene]-2-[(4-methyl-1,3-
thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

30.0 7.52

42
(Training)

((5Z)-5-[(4-chlorophenyl)
methylidene]-2-[(4-methyl-
1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

29.0 6.54

43
(Training)

(5Z)-2-[(5-methyl-1,3-thiazol-
2-yl)amino]-5-[(4-nitrophenyl)
methylidene]-1,3-thiazol-4(5H)-
one

27.0 6.57

44(Test) (5Z)-5-benzylidene-2-[(4-phenyl-
1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

25.0 6.6

45
(Training)

(5Z)-5-[(2-chlorophenyl)
methylidene]-2-[(4-phenyl-
1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

25.2 6.59

46
(Training)

(5Z)-5-[(3-chlorophenyl)
methylidene]-2-[(4-phenyl-
1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

50.0 7.3

47
(Training)

(5Z)-5-[(4-chlorophenyl)
methylidene]-2-[(4-phenyl-
1,3-thiazol-2-yl)amino]-1,3-
thiazol-4(5H)-one

17.0 7.77

© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
dataset compounds were converted to their respective loga-
rithmic values; pIC50 and numbering were reported for ease
against literature reference papers.62,63 Table 1 displays the
dataset compounds along with their IC50 and pIC50 values.
Molecule structure preparation and 3D geometry
optimization

Compound structures were drawn and subjected to the geom-
etry optimization tool of Avogadro V1.2.0 by applying MMFF94,
RSC Adv., 2023, 13, 24291–24308 | 24293
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molecular mechanics force eld and steepest descent algo-
rithm.64 Various molecular formats were obtained from Open
Babel V2.4.1 wherever necessary.65 The best conformer for each
dataset compound was obtained from Avogadro's genetic algo-
rithm tool, using the ‘energy’ scoring function.

Data setup. The aforementioned molecules were subjected to
PaDEL soware and other descriptor calculation tools of
Chemdes-Chemopy servers to calculate their respective values.66

The variables were pre-ltered and organized by removing all-zero
value, missing value and semi-constant or near constant value
(>50%) descriptors. The pairwise correlation was utilized to lter
out 786 descriptors with >0.85 value. A total of 38 variables having
>0.40 cut-off correlation value were selected for the study. For
compound selection, a cut-off value of 0.85 pairwise correlations
was considered, from which 47 compounds were included in the
study, partitioned into training and test sets in a 4 : 1 ratio based
on the response order. Out of many models obtained from
different trials, the best model follow-up procedure is discussed
here.

Variable selection and model calculation. Various options in
the QSARINS soware explore the possible combinations of
descriptors selected.59–61 The genetic algorithm was employed
for the structure bioactivity relationship and utilized for model
tness evaluation. A LOF smoothness level of 1.0, population
size of 200, mutation probability of 0.1 and maximum genera-
tions of 5000 were chosen to explore more combinations.

Model validation. QSARINS models were subjected to valida-
tion criteria, both internal and external, along with applicability
domain checking. Q2

LMO was internally evaluated 5000 times with
30% of objects le randomly from the training set each time. The
Y-scrambling procedure was set to 5000 iterations, which involve
shuffling of the response data, to avoid chance correlation,
meaning that the R2 and Q2loo values must be logically higher
than the scrambled ones and the RMSE under prediction should
be smaller than the scrambled ones. For predictivity of themodels,
various external validation parameters, implemented in QSARINS,
were analyzed.67 The leverage approach is represented by the
subsequent Williams plot. The leverage or critical value (hat) was
calculated by hi = xi (X

T X)−1 xTi (i = 1, 2, ., m), where xi = the
query compound's descriptor row-value and m = the number of
query compounds. X was an n*pmatrix for the training set, where
n = training set samples count and p = model descriptors count.
The limit ofmodel domain, h* is 3 (p + 1)/n, which was the leverage
cut-off value. A leverage greater than h* for the training set means
that the compound is highly signicant in model determination
and in the test set (X outlier), the prediction will be model
extrapolation. Compounds with a standardized residual greater
than 2.5 s (2.5 standard deviation units) were considered as Y
outliers.

In silico ADMET studies. The compounds with the best pre-
dicted model activity values were considered for in silico ADMET
predictions using SWISS-ADME,68 ADMESAR69 and ProToxII70

servers. The results are discussed in detail. Furthermore, docking
studies were carried out for all the selected compounds.

Molecular docking studies. Autodock V4.2.6 was used to
assess the affinities and interactions of DNA gyrase B inhibitors
in conjunction with the created QSAR model.71 The protein data
24294 | RSC Adv., 2023, 13, 24291–24308
bank provides the initial structure of the 3D structure of the
DNA GyrB, pdb id: 6J90 (https://w3.rcsb.org). Missing residues
were corrected using the Modeller V9.23 programme,72 along
with the addition of hydrogen atoms and the removal of
preexisting ligands. To nd docking parameters useful for
docking-specied molecules, co-crystallized ligand to 6J90
redocking was carried out. All of the ligand structures were
geometry optimized using Avogadro V1.2.0's steepest descent
technique with a convergence parameter of 10 × 10−7 and the
MMFF94 force eld. Wherever necessary, le format conver-
sions were made using Open Babel V2.4.1.

Proteins were created by geometrically adding polar hydro-
gens and assigning Kollman's united atom charges to create
a pdbqt le. Along with the addition of polar hydrogens, the
ligand is prepared by adding gasteiger charges. Torsions in the
ligands were discovered, and a pdbqt le was created. The grid
size was set to 60*60*60 points with a spacing of 0.375 Å and
a distance-dependent function of the dielectric constant was
used to calculate the energetic map. The autogrid option
renders a selection of active sites. The grid box contains the
enzyme's active binding site and has room for the ligand's
rotational and translational movement.

For investigating ligand conformation poses and orienta-
tions inside the active site of DNA gyrase B, a Lamarckian
evolutionary approach was employed. The following were the
optimised parameters: the maximum number of energy
assessments per run was increased to 25,000,000, the pop-
ulation size was set at 150, the maximum number of genera-
tions was 2700, and the gene mutation rate was set at 0.02. The
default settings were used for all other variables. In a positional
RMSD, results that varied by two points were grouped together.
The representative of each group was the lowest binding energy
conguration with the highest percentage frequency. The
Discovery studio visualizer 2020 version 20.1.0.19295 (ref. 73)
application created and displayed representations of ligand
postures and interactions displayed.
Molecular dynamics simulations

Based on the Autodock binding energy of protein–ligand
complexes, the best ligands from the designer dataset as well as
reference compounds were identied and taken over for
molecular dynamics simulations to study the physical changes
in the atoms and molecules upon interacting with the solvent
environment using the Desmond package of the Schrodinger
2021 molecular modelling suite.74
Results and discussion
Model information

The selected dataset molecules were optimized for geometry
and by using MMFF94.∼3000 descriptors were calculated using
PaDEL soware, on the Chemopy-chemdes (RDKit and Blue-
desc) server. The dataset was divided into training and test sets
based on chemical and biological diversity. Several QSAR model
equations were generated using QSARINS. Some of the models
displayed higher R2 and Q2

LOO values, but their external
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The model 3 descriptor correlation matrix

AATS8i AVP-1 MoRSEE17 GATSe7

AATS8i 1.0000
AVP-1 −0.1249 1.0000
MoRSEE17 0.0949 0.0704 1.0000
GATSe7 0.0330 0.3081 0.1359 1.0000
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validation was not good along with toomany outliers. Generally,
the QSAR model should be cross validated to check its internal
performance (robustness) and external performance given to be
predictive capacity (predictability).

Model 1 developed with the aforementioned options gave
optimal statistical values along with one outlier (compound 43
from training set) in the Williams plot at the 2.5 standard
deviation unit level, and high ‘RMSE’ value and low Q2

LOO and
Q2

LMO values. Subsequently, model 2 was generated and
analyzed for outliers and betterment of the statistical values.
Finally, the outliers (compounds 43, 33 and 27 from training
set) were removed from the dataset and analyzed further for
generating nal validated model 3. The statistical parameters of
models 1 and 2 are presented in ESI Table 1.†

Model 3:
pIC50=−9.1545 + 0.0798 (AATS8i) + 10.0218 (AVP-1) + 0.3957

(MoRSEE17) + 0.5990 (GATSe7).
ntr = 36, npred = 08, R2 = 0.7065, R2

adj = 0.6687, R2–R2
adj =

0.0379, LOF= 0.0894, RMSEtr= 0.2325, MAEtr= 0.1873, RSStr=
1.9466, CCCtr= 0.8280, s= 0.2506, F= 18.6577, Q2

LOO= 0.6013,
Q2

LMO = 0.5701, R2
Yscr = 0.1150, Q2

Yscr = −0.1966, RMSEcv =
0.2710, MAEcv= 0.2182, PRESScv= 2.6444, CCCcv= 0.7686, R2

ext
Fig. 1 Model 3 scatter plot.

© 2023 The Author(s). Published by the Royal Society of Chemistry
= 0.7540, MAEext = 0.1911, PRESSext = 0.3199, RMSEext = 0.200,
CCCext = 0.8509, Q2

F1 = 0.7022, Q2
F2 = 0.7015, Q2

F3 = 0.7830.
Model 3 showed good tting criteria with validation values.

Compared to previous models, model 3 showed better internal
validation parameters with no outliers in the Williams plot. The
model 3 descriptor correlation matrix is represented in Table 2.
The scatter plot denotes the experimental vs. calculated inhib-
itory activities of chalcone derivatives and Fig. 1 displays pre-
dicted values similar to parallel experimental values. The Kxy,
the inter-correlation among descriptors and response vs. Q2

LMO

of model 3 are plotted in ESI Fig. 1† showing the LMO param-
eter values around the model parameters, meaning that the
model is robust and stable. ESI Fig. 2† displays the Y-scramble
plot of Kxy vs. R

2
Yscr and Q2

Yscr, whichmeans that the correlation
coefficients of model 3 are much greater than those aer
endpoint scrambling and a broken relationship can be noticed
between the structure and responses. Standardized residuals vs.
leverage values shown in Fig. 2 as the Williams plot illustrate
the applicability domain of the model, by which one can depict
whether the molecules are located in the applicability domain
of the model or not. From the plot, the leverage values were
found to be lower than the warning h* of 0.417. The Q2

F1, Q
2
F2

and Q2
F3 values are near to the threshold value of 0.70. These

results state that there is no chance correlation and truly there
is a meaningful relationship between the chalcone derivatives
with corresponding inhibitory activity. Model 3 containing
molecular descriptors contributed structural information
relating to the predicted bioactivity and the information ob-
tained is compared to structure activity relationship studies of
the dataset. The molecular descriptors contributing to model 3
were discussed in detail in ref. 75–77. Table 3 displays residual
RSC Adv., 2023, 13, 24291–24308 | 24295
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Fig. 2 Model 3 Williams plot.
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information of compound bioactivity compared with the
experimental vs. QSAR best model.

The molecular descriptors inuencing the inhibitory activity
are:

(i) AATS8i: This is the “averaged Moreau–Broto autocorrela-
tion of lag 8 weighted by ionization potential”. This descriptor
positively affects the activity as per nal model information.

(ii) AVP-1: This is “average valence path order 1”, which is
a topological descriptor that gives information regarding the
connectivity of various atoms in the molecule and is referred to
as a connectivity index calculated using the Chi operator. This
descriptor depends on the number of lone pair and p electrons.
According to the model, this descriptor positively affects the
activity.

(iii) MoRSEE17: This is a 3D molecular representation of the
structure based on electron diffraction data upon weightage of
17 value for Sanderson electronegativity.

(iv) GATSe7: This is “Geary coefficient of lag 1 weighted by
Sanderson electronegativities”. It negatively affects the activity.
SAR studies of the dataset

On analyzing the bioactivity results from the original dataset as
shown in Table 1, compounds 1 to 27 having a thiazole ring
attached to the chalcone have shown activity compared to the
others. Similarly compounds 28 to 47 with substitutions on the
24296 | RSC Adv., 2023, 13, 24291–24308
R1, R2 and R3 positions also have shown good inhibitory activity.
Substitution with electron withdrawing groups at the R2 posi-
tion of the phenyl ring, such as nitro, decreases the activity, but
substitution with uorine at the ortho, meta and para positions
increases the activity gradually. Di-substitution of halogens
increases the activity on the phenyl ring. Substitution of
methoxy, hydroxy and methyl groups on the phenyl ring also
increases the activity. Substitution of heterocyclic groups dras-
tically decreases the activity. Substitution of bulkier groups at
the R1 position increases the activity. Based on SAR studies of
the original dataset and model equation parameters, two
hundred compounds were designed and checked for predicted
bioactivity using model 3. Table 4 displays the designed
compounds' structural information and Table 5 displays the
model predicted bioactivity of the designed compounds.
Study of the applicability domain of the QSAR model to the
newly designed compounds

The designed compounds by SAR analysis predicted for pIC50

applying model 3 have been analyzed for their distribution in
the chemical space of the original dataset dened by the model
descriptors by applying a Principal Component Analysis (PCA).

The PCA loading plot of the original dataset with 44 mole-
cules for model 3 descriptors is presented in ESI Fig. 3† having
a Principal Component 1 (PC1) value of 37.20% and PC2 value
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 pIC50 values of the dataset predicted by model 3 along with
residuals

Compound Exp pIC50 Pred pIC50 Residuals

1 6.4800 6.5367 0.0567
2 6.6100 6.7171 0.1071
3 6.5600 6.7181 0.1581
4 (Test) 6.5400 6.7263 0.1863
5 6.5400 6.6708 0.1308
6 6.5100 6.6745 0.1645
7 6.4700 6.5912 0.1212
8 6.4600 6.7083 0.2483
9 6.5100 6.6308 0.1208
10 6.6400 6.7761 0.1361
11 7.2700 6.6836 −0.5864
12 7.1400 6.7416 −0.3984
13 (Test) 7.2300 6.9963 −0.2337
14 7.1300 6.9212 −0.2088
15 7.2100 6.8289 −0.3811
16 7.4300 7.3348 −0.0952
17 (Test) 7.3600 7.2007 −0.1593
18 7.3600 7.2547 −0.1053
19 7.3100 7.3843 0.0743
20 7.3100 7.3115 0.0015
21 7.3100 7.3981 0.0881
22 7.2900 7.2469 −0.0431
23 7.2900 7.1971 −0.0929
24 7.2400 7.5364 0.2964
25 (Test) 7.3000 7.2208 −0.0792
26 7.4800 7.3396 −0.1404
27 7.1500 7.1012 −0.0487
28 (Test) 6.9600 7.1157 0.1557
29 (Test) 7.5000 7.7784 0.2784
30 6.9400 7.1773 0.2373
31 7.4800 7.2930 −0.1870
32 7.1800 7.5631 0.3831
33 7.4900 7.0890 −0.4002
34 7.8400 7.8563 0.0163
35 (Test) 7.5600 7.7473 0.1873
36 7.8100 7.5975 −0.2125
37 7.5500 7.4993 −0.0507
38 7.5500 7.5352 −0.0148
39 7.5500 7.5508 0.0008
40 6.9200 7.2694 0.3494
41 7.5200 7.2850 −0.2350
42 6.5400 6.9531 0.4131
43 6.5700 6.880 0.3103
44 (Test) 6.6000 6.8491 0.2491
45 6.5900 6.8574 0.2674
46 7.3000 6.9113 −0.3887
47 7.7700 7.5388 −0.2312

Table 4 Designer series molecules having chalcone and thiazole
hybrid moieties

R1 1–40 41–80 81–120 121–160 161–200

–CH3 –C2H5 –C3H7

R2

Sl. no Group Sl. no Group Sl. no Group

1, 41,
81,
121,
161

2-OH 16, 56,
96, 136,
176

2-OH, 6-OH 31, 71,
111,
151,
191

2-CH3, 6-CH3

2, 42,
82,
122,
162

2-NO2 17, 57,
97, 137,
177

2-OH, 5-CH3 32, 72,
112,
152,
192

2-OCH3, 3-
OCH3, 5-Br

3, 43,
83,
123,
163

2-F 18, 58,
98, 138,
178

3-CH3, 4-OH 33, 73,
113,
153,
193

2-OCH3, 3-
OCH3, 5-Cl

4, 44,
84,
124,
164

2-CF3
19, 59,
99, 139,
179

2-OH, 3-CH3

34, 74,
114,
154,
194

2-OCH3, 6-
OCH3, 4-

5, 45,
85,
125,
165

2-CH3 20, 60,
100,
140,
180

2-OH, 4-OH, 6-
CH3

35, 75,
115,
155,
195

2-OCH3, 4-
OCH3, 5-Br

6, 46,
86,
126,
166

2-OC2H5 21, 61,
101,
141,
181

2-CH3, 4-OH 36, 76,
116,
156,
196

2-OCH3, 4-
OCH3

7, 47,
87,
127,
167

3-OC2H5 22, 62,
102,
142,
182

2-OH, 3-CH3, 5-
F

37, 77,
117,
157,
197

3-OCH3, 4-
OCH3

8, 48,
88,
128,
168

4-OC2H5 23, 63,
103,
143,
183

3-CH3, 5-CH3 38, 78,
118,
158,
198

2-OCH3, 6-
OCH3

9, 49,
89,
129,
169

4-C3H7 24, 64,
104,
144,
184

3-CH3, 4-OH, 5-
CH3

39, 79,
119,
159,
199

3-OCH3, 5-
OCH3

10, 50,
90,
130,
170

4-
25, 65,
105,
145,
185

3-CH3, 5-CH3,
4- 40, 80,

120,
160,
200

2-OCH3, 3-
OCH3
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of 25.54%. The score plot of the original dataset with 44 mole-
cules for model 3 presented in Fig. 3 showcases the chemical
space ranging from the X-axis: −3.139 to 2.289 and Y-axis:
−2.425 to 2.304 data points.

For a better understanding of the structural diversity of the
designed compounds, the Williams plot and scatter plot are
presented in Fig. 4 and 5, respectively. Fig. 4 envisages the h*
value of 0.076 notied using model 3 for all the compounds. C1
and C121 of the designer series were identied as X-outliers,
distant from the applicability domain, and C63, C103, 31, 33,
34, 35 and 43 were identied as Y-outliers as explored by model
© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 24291–24308 | 24297
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Table 4 (Contd. )

R2

Sl. no Group Sl. no Group Sl. no Group

11, 51,
91,
131,
171

4- 26, 66,
106,
146,
186

2-OH, 3-CH3, 5-
CH3

12, 52,
92,
132,
172

4-C2H5 27, 67,
107,
147,
187

3-CH3, 4-F, 5-
CH3

13, 53,
93,
133,
173

2-OH, 3-OH 28, 68,
108,
148,
188

2-CH3, 5-CH3

14, 54,
94,
134,
174

2-OH, 4-OH 29, 69,
109,
149,
189

2-OH, 3-CH3, 4-
CH3

15, 55,
95,
135,
175

2-OH, 5-OH 30, 70,
110,
150,
190

2-CH3, 4-CH3

Table 5 Model 3 predicted pIC50 values for the designed compounds

Compound AATS8i AVP-1 MoRSEE17 GATSe7 pIC50

C1 154.6222 0.329386 −1.458 0.965 6.126499
C2 156.3947 0.354614 0.873 0.759 7.319758
C3 155.1452 0.341639 0.53 1.03 7.116621
C4 155.3775 0.350394 0.719 0.709 7.105405
C5 158.4803 0.340196 0.971 0.829 7.422403
C6 157.8188 0.362151 0.985 1.138 7.780273
C7 158.1324 0.353156 1.432 0.769 7.67099
C8 158.0306 0.344036 1.29 0.814 7.542242
C9 157.5324 0.353156 1.278 0.826 7.596317
C10 159.1588 0.351713 1.194 0.826 7.678412
C11 155.4385 0.362411 0.899 0.79 7.350451
C12 157.4171 0.353405 0.962 0.842 7.474156
C13 153.281 0.327647 0.523 0.88 6.735005
C14 155.3199 0.362411 0.629 0.932 7.319209
C15 153.0582 0.362671 0.545 0.88 7.076943
C16 157.2212 0.363802 0.525 0.998 7.483249
C17 157.5538 0.347839 0.81 1.155 7.556633
C18 160.0419 0.330409 0.937 1.06 7.573848
C19 160.1868 0.363802 0.65 1.155 7.86341
C20 160.6462 0.342408 0.778 0.875 7.568591
C21 158.208 0.342408 0.844 0.798 7.354022
C22 160.2244 0.342648 0.456 0.94 7.448853
C23 161.0717 0.342169 1.08 1.568 8.134755
C24 156.0422 0.353276 1.255 1.244 7.719884
C25 157.7357 0.342648 1.732 0.912 7.738393
C26 151.5597 0.338894 1.088 1.326 7.201085
C27 152.0352 0.329295 1.239 1.065 7.046242
C28 154.5617 0.337509 0.855 1.18 7.247114
C29 154.1035 0.323774 0.917 1.138 7.072279
C30 149.674 0.349949 1.203 0.816 6.901419
C31 154.5698 0.34995 1.538 0.793 7.410891
C32 155.1016 0.349728 1.231 0.999 7.453021
C33 152.1663 0.349728 1.174 0.944 7.163285
C34 152.3011 0.363089 1.696 1.23 7.68581
C35 155.3243 0.320381 0.955 1.045 7.095017
C36 153.74 0.358745 0.745 1.042 7.268184
C37 151.1758 0.335595 1.036 0.776 6.787358
C38 155.4989 0.366629 1.338 1.226 7.83242
C39 152.2192 0.331254 0.898 0.737 6.749158
C40 152.2154 0.331024 1.238 0.993 7.034434
C41 152.2192 0.331024 1.067 1.155 7.064107
C42 151.4043 0.331254 1.461 0.885 6.995564
C43 152.5082 0.341655 1.031 1.142 7.171673
C44 153.2633 0.341655 1.355 0.753 7.12713
C45 152.5082 0.341885 1.225 1.18 7.273507
C46 155.3194 0.320096 1.48 1.312 7.459452
C47 150.25 0.334196 1.581 0.973 7.033128
C48 150.3495 0.341655 1.52 1.024 7.122228
C49 153.9338 0.332914 1.736 1.192 7.506753
C50 153.4696 0.352055 1.635 1.192 7.621577
C51 153.9632 0.344433 1.228 1.153 7.400165
C52 155.8359 0.338089 1.505 1.208 7.628591
C53 153.2788 0.344433 0.757 1.007 7.071725
C54 155.0042 0.343151 0.739 1.06 7.221181
C55 150.7438 0.352285 0.881 1.007 6.99719
C56 153.1473 0.344655 1.187 1.116 7.298892
C57 155.3243 0.320096 1.238 1.326 7.372464
C58 152.1195 0.354211 1.135 1.244 7.368744
C59 148.0179 0.352515 1.177 1.326 7.090184
C60 153.0541 0.35458 0.906 1.003 7.212046
C61 153.4321 0.340268 0.796 1 7.053457
C62 158.1649 0.325888 1.065 1.022 7.406644
C63 156.8756 0.35458 1.428 1.857 8.235106
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3. In Fig. 5, the scatter plot for all the dataset compounds and
designed molecules shows 33 and C1, C121 distant from the
regression line of model 3.

Similarly, the loading plot of both the designed and dataset
compounds for the model 3 descriptors presented a PC1 value
of 36.39% and PC2 value of 23.82% in ESI Fig. 4.† The score
plots of both the designed and dataset compounds for model 3
presented in Fig. 6 showcase the chemical space ranging from
the X-axis: −2.497 to 3.307 and Y-axis: −2.170 to 2.938 data
points.

It is evident that the majority of designed molecules have
been part of interpolation of the dataset and inside the struc-
tural applicability domain. The designed compounds having
substitutions of 3-methyl, 3-methoxy or their combination at
the R2 position were found to be out of the applicability
domain of the proposed model and therefore their predictions
were extrapolated. The data predicted for these compounds
are, at least, less reliable than those of the other compounds.
It's noteworthy that 2-hydroxyl groups and compounds having
a combination of groups at the R2 position have shown excel-
lent predicted activity as well as structural domain applica-
bility (compounds C53 and C54, C93 and C94, C133 and C134,
C173 and C174). In a similar case, the applicability region
specied that a 5-Br group at the R2 position is not benecial
(on comparing the pIC50 values of 35 and 36, 75 and 76, 115
and 116, 155 and 156, and 195 and 196). Overall, the applica-
bility domain of the designed compounds projected that 2-
hydroxyl, 2-nitro, 2-ethoxy and 2-methyl groups were benecial
at the R2 position following methyl group, thiazole and pyridyl
rings at the R1 position. Model 3 was promising in this regard
as the probability of accordance between the predicted and
24298 | RSC Adv., 2023, 13, 24291–24308 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 (Contd. )

Compound AATS8i AVP-1 MoRSEE17 GATSe7 pIC50

C64 157.3901 0.335149 1.476 1.411 7.833266
C65 154.1755 0.335149 1.935 1.07 7.554108
C66 156.9177 0.335362 1.182 1.483 7.724505
C67 157.8667 0.334935 1.422 1.176 7.70702
C68 154.2766 0.320381 1.189 1.493 7.37236
C69 153.6387 0.335362 1.209 1.312 7.371095
C70 153.3833 0.311854 1.343 1.166 7.080681
C71 153.7329 0.304529 1.398 1.129 7.034779
C72 155.9892 0.310522 1.659 1.108 7.365585
C73 155.4626 0.300053 1.319 1.041 7.043977
C74 151.6464 0.322485 2.021 1.301 7.397769
C75 155.677 0.324447 1.521 1.154 7.453169
C76 156.1458 0.324233 1.344 1.161 7.422593
C77 153.6774 0.324233 1.493 0.915 7.13722
C78 153.7141 0.337117 1.516 1.328 7.525756
C79 155.4186 0.333257 1.509 0.874 7.348385
C80 154.9298 0.332928 1.643 1.111 7.501063
C81 152.6653 0.313728 1.568 1.081 7.080285
C82 154.5577 0.331084 1.784 0.836 7.343959
C83 153.8906 0.305499 1.182 1.071 6.93687
C84 153.8874 0.305278 1.551 0.717 6.868359
C85 153.8906 0.305278 1.434 1.108 7.056528
C86 153.1922 0.305499 1.6 1.242 7.148966
C87 154.041 0.315514 1.826 0.918 7.212425
C88 154.6947 0.315514 1.754 0.962 7.262457
C89 154.041 0.315736 1.927 1.121 7.376208
C90 156.3708 0.333257 1.734 1.121 7.661352
C91 152.033 0.309256 1.462 1.095 6.951449
C92 152.1723 0.315514 1.855 1.132 7.202965
C93 155.2751 0.308019 0.906 0.948 6.889715
C94 154.7942 0.32553 1.034 0.993 7.104429
C95 155.1906 0.319127 1.187 0.948 7.105486
C96 156.3913 0.318583 1.097 1.051 7.22193
C97 154.5906 0.319127 1.602 1.252 7.403919
C98 156.1342 0.31789 1.265 1.169 7.331638
C99 152.4139 0.325751 1.55 1.252 7.276025
C100 154.4753 0.319341 1.309 0.947 7.098224
C101 155.4186 0.333542 1.507 0.94 7.389982
C102 152.2953 0.325751 1.003 0.97 6.881198
C103 150.0336 0.325973 1.837 1.758 7.504959
C104 154.3579 0.330622 1.512 1.337 7.515857
C105 154.6906 0.316788 2.309 1.043 7.54302
C106 158.5296 0.30773 1.548 1.41 7.677302
C107 157.6303 0.330622 1.659 1.115 7.702183
C108 158.0897 0.311035 1.712 1.413 7.742015
C109 155.3448 0.311035 1.291 1.242 7.253953
C110 157.6679 0.311242 1.285 1.099 7.353377
C111 158.5152 0.310829 1.635 1.069 7.537376
C112 155.0877 0.31847 1.672 1.056 7.347296
C113 152.4747 0.324485 1.562 0.993 7.117799
C114 154.8724 0.311242 1.476 1.272 7.3095
C115 152.6969 0.333257 2.35 1.097 7.597547
C116 157.2161 0.322912 1.476 1.1 7.510455
C117 156.3779 0.346134 1.462 0.864 7.529397
C118 156.8736 0.337049 1.457 1.267 7.717314
C119 157.4161 0.331617 1.661 0.828 7.523929
C120 156.0313 0.337049 1.577 1.056 7.571195
C121 158.2808 0.335475 −1.46 0.97 6.481681
C122 152.9979 0.346419 0.808 0.782 6.954621
C123 155.8694 0.337321 0.839 0.971 7.218061
C124 158.7334 0.327655 0.561 0.68 7.065426
C125 152.8296 0.346419 0.973 0.954 7.109505
C126 149.6179 0.346704 0.95 1.119 6.945804

Table 5 (Contd. )

Compound AATS8i AVP-1 MoRSEE17 GATSe7 pIC50

C127 155.6547 0.349925 1.182 0.83 7.378509
C128 156.1167 0.332632 1.271 0.863 7.297051
C129 159.8323 0.317914 1.052 0.962 7.418706
C130 159.8327 0.349925 1.35 0.962 7.857454
C131 160.4451 0.326067 0.726 0.942 7.408336
C132 157.0253 0.326067 1 0.969 7.260031
C133 159.8828 0.326327 0.614 0.874 7.281018
C134 161.0124 0.325807 0.282 0.909 7.255543
C135 157.5813 0.31222 0.638 0.874 6.965482
C136 156.3693 0.326327 0.637 0.966 7.064848
C137 160.1081 0.340399 1.029 1.127 7.755786
C138 160.2586 0.329 0.647 1.048 7.455079
C139 163.2627 0.33875 0.684 1.127 7.854488
C140 161.943 0.322572 0.356 0.874 7.305694
C141 157.7387 0.353561 0.789 0.848 7.436524
C142 161.1574 0.353247 0.341 0.904 7.562462
C143 161.6664 0.352987 0.994 1.498 8.214671
C144 159.4841 0.352987 0.917 1.202 7.832754
C145 159.1825 0.368672 1.33 0.963 7.986136
C146 151.9438 0.343206 0.554 1.273 7.031901
C147 160.2699 0.363573 1.247 1.019 8.022507
C148 157.814 0.336277 1.05 1.213 7.591227
C149 160.3564 0.362702 1.313 1.119 8.106705
C150 160.4329 0.331303 1.146 1.094 7.717072
C151 160.4293 0.331031 1.066 0.928 7.582972
C152 160.4329 0.331031 1.044 0.988 7.610491
C153 159.6609 0.331303 0.628 0.932 7.353459
C154 160.1691 0.343594 1.375 1.217 7.983493
C155 160.8871 0.343594 1.269 1.021 7.881442
C156 160.1691 0.343866 0.754 1.013 7.618292
C157 157.4539 0.343819 0.984 0.796 7.362178
C158 157.7753 0.334754 0.937 1.048 7.429325
C159 158.1166 0.343594 0.878 0.768 7.35409
C160 161.5245 0.333249 1.025 0.978 7.706323
C161 160.6147 0.355885 0.743 0.987 7.75438
C162 160.8729 0.346771 1.212 0.789 7.750623
C163 159.4946 0.339005 0.906 0.97 7.550146
C164 160.2191 0.346771 0.879 0.672 7.496606
C165 162.0784 0.345266 0.913 1.019 7.851196
C166 158.0147 0.356157 0.983 1.135 7.733245
C167 160.0935 0.347031 1.144 0.86 7.70666
C168 158.1017 0.343547 1.181 0.892 7.546605
C169 157.8852 0.356157 1.442 1.033 7.843439
C170 155.4147 0.356429 0.982 1.033 7.466996
C171 159.8031 0.358354 0.878 1.021 7.788141
C172 160.1646 0.341753 1.533 1.037 7.919384
C173 161.4762 0.32527 0.42 0.878 7.323211
C174 162.6989 0.358354 0.547 0.91 7.821762
C175 163.1936 0.335842 0.542 0.878 7.614478
C176 160.8757 0.335842 0.743 0.965 7.561161
C177 162.7394 0.336091 0.878 1.14 7.870625
C178 163.6518 0.335593 0.975 1.064 7.931297
C179 154.8149 0.343547 1.075 1.14 7.390926
C180 160.3623 0.336091 0.594 0.88 7.412812
C181 156.9037 0.347654 0.794 0.875 7.328842
C182 157.1416 0.336125 0.489 0.899 7.125976
C183 159.6289 0.34608 0.99 1.542 8.007633
C184 158.7664 0.329669 0.98 1.215 7.574506
C185 154.9502 0.360217 0.789 0.999 7.37116
C186 158.5026 0.359362 1.022 1.283 7.908383
C187 158.9714 0.359112 1.269 1.023 7.885294
C188 156.7452 0.359112 0.882 1.269 7.701861
C189 156.6161 0.374144 0.637 1.135 7.664984

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 24291–24308 | 24299
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Table 5 (Contd. )

Compound AATS8i AVP-1 MoRSEE17 GATSe7 pIC50

C190 154.7802 0.359945 1.385 1.015 7.600291
C191 157.7187 0.369257 1.318 0.995 7.889613
C192 155.4542 0.342124 1.256 0.988 7.408255
C193 157.5823 0.368672 1.228 0.93 7.798315
C194 157.2993 0.338637 1.867 1.219 7.900692
C195 157.2961 0.338377 0.651 1.019 7.296857
C196 157.2993 0.338377 1.231 1.014 7.523625
C197 156.6009 0.338637 1.143 0.808 7.312281
C198 157.2462 0.350394 1.257 1.169 7.742952
C199 157.8999 0.350394 0.897 0.781 7.420255
C200 157.2462 0.350654 1.215 0.982 7.616927
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actual values is as high as that for the training set compounds
(Table 3).
In silico ADMET studies

The twelve compounds with >7.9 pIC50 values listed in ESI
Tables 2 and 3† were studied for their ADMET properties using
SWISSADME, ADMESAR & Protox Studies. The key outcomes are
listed below:

(1) According to SWISS ADME studies all of the selected 12
compounds pass the Lipinski rule of ve.
Fig. 3 PCA score plot of model 3 with compound names.

24300 | RSC Adv., 2023, 13, 24291–24308
(2) All the compounds have molar refractivity in the range of
40–130.

(3) All the compounds have a total polar surface area in the
range of 20–130.

(4) Lipophilicity log P is less than 5.
(5) Out of the 12 compounds, 9 are moderately soluble, and 7

have high intestinal absorption.
(6) None of the compounds was a PGP substrate, so the

intestinal efflux is low, and a small dose will be sufficient for
drug activity.

(7) All compounds were CYP450 enzyme inhibitors, so rst
pass metabolism will be less and even with a low dose the
bioavailability will be high.

The intestinal absorption of the molecule upon oral
administration is given by the HIA score and was found to be
between 0.956 and 0.1 for the best designed compounds, indi-
cating that the compounds were well absorbed from the intes-
tines. The predicted cell permeability Caco2 lies in the range of
(0.50–0.801), which helps in better intestinal absorption and is
also found to be in the acceptable range (−1 to +1). The
designed compounds show a blood–brain barrier probability
score of (0.9715–0.979), which implies that they cross the
blood–brain barrier, producing an effect on CNS activity.

The best designed compounds are devoid of toxicological
endpoints; for example, the carcinogenicity binary, immuno-
toxicity and cytotoxicity are within acceptable ranges, which was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Williams plot of the designed and dataset compounds.
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identied by using Protox-II. The acute oral toxicity values reveal
that all 12 compounds comes under class IV drugs of toxicity,
showing LD50 values in the range of (300–2000 mg kg−1). The
solubility values range from −3.303 to 4.775, and the more
negative the value, the higher the solubility up to −10. All 12
compounds have shown high plasma binding protein capacity,
which in-turn inuences the drug biological half-life. The
bound portion acts as a reservoir from which the drug will be
slowly released as unbound form, and then the unbound form
is metabolized and excreted rapidly. ESI Tables 1 and 2 detail†
the ADMET results from various servers.
Molecular docking studies

H-bond interactions were seen in compound 143 with the
residues Cys268, Gln275 and Ile266 of the 6J90 protein.
Compound 143 with a thiazole group at the R1 position inter-
acted with Gln275 and Ile266 by hydrogen bonding followed by
the nitrogen of the ligand thiazole ring with Cys268. The best
active site conformation from Autodock results in a binding
affinity of compound 143 with 6J90 protein of −9.7 kcal mol−1.
Similarly, H-bond interactions were predicted in compound 145
with residues Gln335, Tyr26, His38 and Lys103 of the 6J90
protein. Compound 145 display H-bonds near to the R1 position
with Tyr26, followed by oxygen of chalcone interaction with
Gln335. His38 interacted with the thiazole N atom forming
© 2023 The Author(s). Published by the Royal Society of Chemistry
a favorable H-bond. The oxygen atom on the methoxy phenyl
group of compound 145 interacted well with Lys103. The best
active site conformation from Autodock results in a binding
affinity of compound 145 with the 6J90 protein of
−10.47 kcal mol−1.

Again, H-bond interactions were seen in compound 172 with
the residues Cys268 and Gln275 of the 6J90 protein. Compound
172 with a pyridyl group at the R1 position does not show any
interactions, followed by H-bonding of the amino group near
the thiazole ring interacting with Cys268 and Gln275. The best
active site conformation from Autodock results in the binding
affinity of compound 172 with the 6J90 protein of
−8.79 kcal mol−1. Similarly, H-bond interactions were predicted
in compound 178 with the residues Cys268, Ile266, Arg276 and
Lys189 of the 6J90 protein. Compound 178 displays H-bonds
near to the amine group of the thiazole ring R1 position with
Lys189. The oxygen of the chalcone interacted with the amine
group of Arg276, and the hydroxyl group interacted with Cys268
and Ile266. The best active site conformation from Autodock
results in the binding affinity of compound 17 with the 3ZKD
protein of −8.65 kcal mol−1.

With various substituents at the R1 and R2 positions, the
designed series gave a few best leads based on predicted values
using QSAR model 3. These leads were evaluated for H-bond
interactions and binding scores using molecular docking
RSC Adv., 2023, 13, 24291–24308 | 24301
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Fig. 5 Scatter plot of the designed and dataset compounds.
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studies. The results are presented in Table 4 with interacting
residues, and binding affinity scores from Autodock. The results
are favorable giving importance to model equation descriptors
supporting QSAR studies. In general, the molecular descriptors
(weighted or unweighted) of the obtained QSAR model and type
of molecular docking interactions (charged, hydrogen bond,
dipole–dipole, van der Waals, pi-cation, etc.), were correlated
and found to be in association with each other. ESI Fig. 5a–
d† (5a-ligand 143, 5b-ligand 145, 5c-ligand 172, and 5d-ligand
178) show the docking interactions of the best compounds
with 6J90 from Discovery studio visualizer 2020. To conrm the
interactions and stability in the active site of DNA gyrase B,
compounds 143, 145, 172 and 178 of the designed compounds
were taken over for molecular dynamics simulations using the
DESMOND package.

Molecular dynamics simulations

Compounds 143, 145, 172 and 178, and reference compound
vosaroxin, were subjected to molecular dynamics simula-
tions to analyze the stability of the ligands in the active-site
cavity. However, it was observed that compounds 143 and
145 show uctuations in their conformations during the
simulation time (ESI Fig. 6d and 7d†). This clearly denotes
instability of the ligands and furthermore, the RMSD graph
of compound 172 showed uctuations leading to an unsteady
24302 | RSC Adv., 2023, 13, 24291–24308
graph (ESI Fig. 8a†). Thus, compound 172 in the 6J90 active-
site cannot be considered as best-t. Analyzing further,
compound 178 in the active-site of 6J90 has shown good
stability, with no uctuations in the H-bond network with the
residues.

DNA gyrase 6J90 with compound 178: detailed investigation.
The backbone structure and C-alpha residues were analyzed
from the simulation data. The ligand t protein in Fig. 7a dis-
played uctuations up to 10 nanoseconds (0.6–2.6 Å) and dis-
played incremental stability until 100 nanoseconds. The RMSD
average value of the protein backbone is 2.4 Å, which lies within
the standard limit (<3 Å) and for the protein-reference complex,
the average and maximum value was found to be 2.403 Å and
2.971 Å at 22 nanoseconds.

Dynamic properties of the protein. The RMSF graph indi-
cates that there are no local changes along the protein chain
during the thermal motion. The uctuations are seen mildly in
helices and moderately in loops. The ‘N’ and ‘C’ end terminals
uctuated higher than the other regions in the protein. The
more rigid secondary structure elements like a-helices and b-
strands are less uctuated compared to the loop region resi-
dues, which participated in 70% of the simulation time
(Fig. 7b).

H-bond analysis. The complex conformation displayed water
bridges, ‘H’ bonds, hydrophobic contacts and ionic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 PCA score plot of the designed and dataset compounds.
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interactions. There are four H-bond interactions at residues
Asn46, Asp73, Gly77 and Gly119 at the maximum of 99% of the
simulation time. The residues Asp43 interact with the hydroxyl
group on the phenyl ring, exhibiting a H-bond of about 99% of
the simulation time. The residues Gly102, Val118 and His116
showed H-bond interactions with water bridges towards the
chalcone oxygen, amine bridge and pyridyl nitrogen. Lys103
have shown H-bonds along with a water-bridge and hydro-
phobic interactions with the amine-bridge. All these vital resi-
dues play a key role for ligand binding and stabilization of the
reference molecule complex (Fig. 7c).

Percentage residue of H-bond analysis. The ‘H’ bond anal-
ysis in the protein ligand contact denotes aromatic stacking
interactions of the thiazole nitrogen with Gly119 for 7%
simulation time. The other residues Asp73 and Gly77 showed
99% and 96% interaction during the simulation run with the
hydroxyl group of the phenyl ring, respectively. His116 has
shown interaction along the water-bridge for 37% of the
simulation time with the pyridyl nitrogen. Similarly, Gly117
has shown interaction along the water-bridge for 41% of the
simulation time with the pyridyl nitrogen. It was noticed that
Gly102 has shown direct interaction with the chalcone oxygen
for 73% of the simulation time. From ESI Fig. 9c† and the
interactions, it is clear that ‘H’ bonding along with additional
water bridges favors the molecular stability throughout the
simulation time.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Ligand properties

Radius of gyration (RoG) determines the compactness of the
protein during simulation. The maximum and the average
values for the ROG are 4.811 Å and 4.432 Å. The solvent exposed
surface area determines the changes in conformation in terms
of MolSA, SASA, and PSA. The average and the minimum values
of MolSA were 340.23 Å and 345.22 Å. The minimum and the
average value of the solvent accessible surface area is 1.296 Å
and 10.98 Å, respectively. The PSA determines the polarity
induced by electronegative atoms, and the minimum and
average value of PSA is 112.16 Å and 124.92 Å (Fig. 7d).

DNA gyrase 6J90 with the reference compound. The ligand t
protein in ESI Fig. 9a† displayed uctuations and displayed
incremental stability occasionally until 100 nanoseconds. The
RMSD average value of the protein backbone is 1.9 Å, which lies
within the standard limit (<3 Å) and for the protein-reference
complex, the average and maximum value were found to be
1.912 Å and 3.012 Å at 11 nanoseconds.

Dynamic properties of the protein. Fluctuations are seen in
the helices and heavily in the loops. The more rigid secondary
structure elements like a-helices and b-strands uctuated less
compared to the loop region residues, which participated in
90% of the simulation time (ESI Fig. 9b†).

Percentage residue of H-bond analysis. The ‘H’ bond anal-
ysis in the protein ligand contact denotes aromatic stacking
RSC Adv., 2023, 13, 24291–24308 | 24303
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Fig. 7 (a) RMSD graph of ligand 178 with 6j90. (b) RMSF graph of ligand
178 with 6j90. (c) H-bond contacts of ligand 178 with 6j90. (d) Surface
analysis of ligand 178 with 6j90.

24304 | RSC Adv., 2023, 13, 24291–24308
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interactions of the thiazole ring with Lys103 for 28% of the
simulation time. The other residues, Thr165, Asp73 and
Val43, showed 6%, 61% and 9% interaction during the
simulation run with the methyl-amine substituent, respec-
tively. Tyr109 showed interaction for 19% of the simulation
time with the nitrogen-containing ring system. Similarly,
Ser108 has shown interaction for 7% of the simulation time
with a carboxylic acid group. From ESI Fig. 9c† and the
interactions, it is clear that ‘H’ bonding along with the addi-
tional water bridges favors the molecular stability throughout
the simulation time.

Ligand properties

Themaximum and the average values for the Radius of Gyration
are 4.256 Å and 4.392 Å. The average and theminimum values of
MolSA were 352.12 Å and 341.56 Å. The minimum and the
average value of solvent accessible surface area is 41.2 Å and
18.2 Å, respectively. The PSA determines the polarity induced by
electronegative atoms, and the minimum and average value of
PSA is 159.02 Å and 172.4 Å (ESI Fig. 9d†).

Estimation of the binding free energy of the compound
178_6J90 complex. The molecular mechanics-generalized born
surface area (MM-GBSA) analysis's calculation of Gibbs free
energy reveals a high correlation between the anticipated and
experimental binding affinities. The OPLS forceeld-based
molecular mechanics energies with the variable dielectric
generalised born 2.0 (VSGB) solvation model, which takes into
account residue-dependent effects, was used for the polar
solvation term. Solvent-Accessible Surface Area (SASA),
a nonpolar solvation term, was included in the Prime MM-
GBSA approach along with van der Waals interactions to esti-
mate the binding free energy (DGbind) of the nished docked
complex. The OPLS-2005 force eld was used to optimise the
docked conformations. In Prime MM-GBSA, the binding free
energy of the 5FL4 protein and ligand complex was measured
(molecular mechanics generalised born surface area). The
Schrodinger suite's Prime module and the OPLS-2005 force
eld were used to compute the binding free energies of the
receptor–ligand complexes. Using the free energy difference
between the complex and the sum of the individual free
energies of the protein and ligand, the binding free energy was
computed.

DG (binding) = DG (complex) − DG (protein) − DG (ligand)

where the binding free energy is denoted by DG (binding) and
the free energy of the complex, protein, and ligand was denoted
by DG (complex), DG (protein) and DG (ligand), respectively
(Table 6).

Using the MMGBSA method and the MM-PBSA.py tool,
binding free energies were calculated using 250 snapshots
taken at evenly spaced intervals over the last 20 ns of the
simulation. The H-bond interactions between the optimised
lead molecules and the residues Arg76, Lys103, Lys337, Asp73,
Val118, and His116 were demonstrated to remain constant. The
RMSD increment of the ligand 178 according to Desmond
calculations suggests a new binding mode, which was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The binding free energy details of the complex
6J90_compound 178

Energy component Average Std. deviation
Std. error
of mean

Generalized born
Van der Waals −41.4585 2.6789 0.267
EEL −8.1254 2.8745 0.287
EGB −16.4589 1.8956 0.189
ESURF −7.9966 0.2565 0.256
DGgas −49.5839 2.8978 0.289
DGsolv −24.4555 1.5236 0.152
DGtotal −74.0394 1.6523 0.165

Poisson Boltzmann
Van der Waals −41.4585 2.6789 0.266
EEL −8.1254 2.8745 0.287
EPB −18.3599 1.9856 0.198
ENPOLAR −5.1616 0.2689 0.268
EDISPER 0.0000 0.0000 0.000
DGgas −49.5839 2.9923 0.299
DGsolv −23.5215 1.6895 0.168
DGtotal −73.1054 1.9875 0.198

Table 6 Docking interactions of the designed compounds

Compound
no

Docking score
(kcal mol−1) Residue interactions and hydrogen bond distance in Å

23 −7.85 Arg276 (1.9 Å), Arg276 (2.3 Å)
63 −7.79 Arg276 (1.9 Å)
143 −9.7 Cys268 (2.0 Å), Gln275 (1.9 Å), Ile266 (1.8 Å)
145 −10.47 Gln335 (1.9 Å), Tyr26 (2.6 Å), His38 (2.1 Å), Lys103 (2.1 Å)
147 −8.2 Lys337 (2.73 Å)
149 −8.03 Arg276 (2.0 Å), His38 (2.2 Å), Asp45 (3.1 Å)
154 −8.78 Lys337 (2.2 Å), Gln335 (2.2 Å), Met25 (2.0 Å)
172 −8.79 Cys268 (1.8 Å), Gln275 (2.0 Å)
178 −8.65 Cys268 (2.1 Å), Ile266 (1.8 Å), Arg276 (2.0 Å) Arg276 (2.2 Å), Lys189 (1.9 Å)
183 −7.46 Cys268 (1.9 Å), Cys268 (2.2 Å)
186 −8.47 Arg276 (2.79 Å), His38 (2.9 Å)
194 −8.57 Ile186 (2.0 Å), Arg276 (2.1 Å), Glu193 (1.9 Å)
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subsequently investigated to see if it had any impact on the
binding energy using the MM-PBSA (Poisson Boltzmann surface
analysis) and the MMGBSA calculations. Table 7 lists the
binding free energies for the complex 6J90 compound 178 in
MM-GBSA and MM-PBSA. Van der Waals (−41.4585 kcal mol−1)
favoured the complex interactions more than electrostatic
interactions in both techniques (−8.1254 kcal mol−1). The polar
solvation energy was found to be advantageous in the develop-
ment of protein-inhibitor complexes (−16.4589 kcal mol−1 in
MM-GBSA and −18.3599 kcal mol−1 in MM-PBSA). When
compared to the complex stability achieved by MM-PBSA, the
net binding energy for the complex anticipated by MM-GBSA
was −74.0394 kcal mol−1 (−73.1054 kcal mol−1). The new
kind of conformation pose in binding can be more energetically
benecial, as seen by the increased binding energy in
MM-GBSA. It was discovered that the net energy
disparities between the MM-PBSA and MM-GBSA approaches
were reliable.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusion

The current study focused on performing QSAR analysis of 47
chalcone derivatives utilizing validation criteria of the QSARINS
soware. The molecular descriptors utilized to develop the
validated model favored designing compounds based on data-
set structure–activity relationship information. The applica-
bility domain of the designed 200 compounds was explored in
the QSAR model region and the leads were obtained. Further
ADMET proles for the compounds with the best predicted
bioactivity were analyzed and molecular docking studies were
performed for active-site analysis. The stability of lead
compounds 143, 145, 172 and 178 was determined using
molecular dynamics simulations and upon analysis, compound
178 emerged as the best lead candidate, which can be explored
further. The binding free energy decomposition analysis further
indicates that residues Lys103, Asp73, Arg76, Lys337, Val118
and His116 are essential for the high selectivity of DNA gyrase B
inhibition. Overall, these results serve as a signicant guideline
for the discovery and design of novel DNA gyrase B inhibitors.
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