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Abstract: Tyrosine kinases are considered as major target in the treatment of cancer as they regulate various
cellular metabolic pathways. SRC tyrosine kinase is one of the key enzyme involved in various cellular
processes and is considered a promising therapeutic target for cancer treatment. In silico computational
studies were carried out to evaluate the potential of pyrazole, indazole, and imidazopyridine analogs as SRC
(commonly known for c-SRC, pronounced as a short form of sarcoma) kinase inhibitors. Molegro Virtual
Docker version 2019.7.0.0-2019-03-18 was used to screen a large number of pyrazole, indazole, and
imidazopyridine analogs. The top ligands were selected based on their binding affinity and further analyzed
for their interactions with the SRC kinase binding site. The results showed that many of the analogs
interacted with key amino acid residues of the DFG motif, Asp-404, Phe-405, and Gly-406, and the hinge
region, Glu-339, Tyr-340, and Met-341 including gatekeeper residue Thr-338 of the enzyme. In silico
ADMET studies were performed to assess the pharmacokinetic and toxicological properties of the selected
ligands. The results indicated that most of the ligands had good oral absorption and favorable protein
binding. However, some ligands showed potential toxicity, including hepatotoxicity and drug-induced liver
injury. MD Simulations were conducted to study the stability and interactions between the ligands and SRC
kinase over a 25 ns period. The simulations revealed that most of the complexes remained stable, and the
best ones are 71588244 and 70736676. The findings suggest that these analogs could be further developed
as potential therapeutic agents for the treatment of cancer.

Keywords: SRC Kinase, Docking based virtual screening, In silico studies, Pyrazole, MD simulations,
Indazole

1. Introduction Receptor), and VEGFR (Vascular Endothelial

Tyrosine kinases are a group of enzymes that
catalyze the phosphorylation of tyrosine residue in
various protein substrates. These enzymes regulate
the processes of metabolism, apoptosis, cell
division, and growth using Adenosine Tri
Phosphate (ATP). The two main categories of
tyrosine kinases based on location are non-receptor
tyrosine kinases (NRTK) and receptor tyrosine
kinases (RTK). SRC (commonly known for c-SRC,
pronounced as a short form of sarcoma) and ABL
(abelson) tyrosine kinases are examples of NRTKSs,
whereas EGFR (Endothelial Growth Factor
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Growth Factor Receptor) tyrosine kinases are
examples of RTKs [1].

The major function of tyrosine kinases is to
phosphorylate particular amino acids on enzymes,
that subsequently alter signal transduction. Owing
to their crucial function in signal transduction, they
have emerged as the main targets of cancer-targeted
treatment. A new class of drugs called tyrosine
kinase inhibitors (TKIs) has been developed and
more than 50 tyrosine kinase inhibitors were
approved for the treatment of various types of
cancers in the last twenty years [2,3]. Among
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various tyrosine kinase families, SRC is a family of
11 members belonging to NRTKs which are
collectively called SRC Family Kinases (SFK). As
this family is involved in the regulation of cell cycle
progression, differentiation, motility, proliferation,
and survival to sustain homeostasis, their
overexpression and deregulation are observed in
various malignancies [4]. Numerous malignancies,
including pancreatic, prostate, lung, breast, and a
few other epithelial and non-epithelial tumors, have
been shown to have abnormally activated and/or
overexpressed SFKs. Since SFKs control several
signaling pathways related to angiogenesis,
metastasis, proliferation, and survival, they are
considered to be useful therapeutic targets for
preventing tumors from spreading to a metastatic
stage [5, 6].

SRC, a protooncogene, has been extensively
studied due to its role in cellular metabolism and
growth as well as being a node of communication
for many proteins in different signaling pathways
[7]. SRC regulates receptor signaling, which
impacts various cellular processes associated with
cell  transformation such as  metabolism,
proliferation, apoptosis, and cell adhesion. So, SRC
kinase activity is considered significant in several
aspects like tumor progression, including
proliferation, migration, invasion, angiogenesis,
chemoresistance, stemness, and metastasis [8].
SRC activation promotes the dissociation of cell-
cell adhesion junctions by interacting with p120
catenin and facilitates cell mobility. SRC activation
induces the formation of invadopodia and
invadopodia-mediated matrix degradation. It also
enhances the stability of focal adhesion complexes
consisting of FAKSs, i.e., focal adhesion kinase.
SRC kinase also plays a role in the viability of
disseminated cells and metastatic recurrence once
the cells reach distant organs. Another important
role after SRC activation is to regulate the
formation of actin stress fibers that are necessary
for the outgrowth of metastatic cells. Saracatinib is
successful in suppressing this outgrowth. The SRC
activation makes the tumor cells resistant to anoikis
[9]. Consequently, inhibiting SRC kinase has
become a promising approach, and in recent years,
many small molecules inhibiting SRC kinase have
been developed to treat various cancers like
colorectal cancer [10] and breast cancer [11], etc.
There are many inhibitors reported targeting SRC

[12, 13] and approved (ibrutinib, bosutinib) for the
treatment of cancer [14, 15]. SRC inhibitors,
despite being used as successful therapeutic agents
in cancer, and proved to reduce the risk of relapse,
progression, and death in cancer patients, few of
them developed resistance to these drugs even after
initial progress. Mutations in the BCR (Breakpoint
cluster)-ABL kinase ATP binding and catalytic
domain were reported to be the reason for the
development of resistance [16]. Profiling of SRC
tyrosine kinase mutants was carried out to analyze
and find the residues that undergo mutation leading
to resistance to inhibitors by lowering the affinity
and promoting hyperactivation [17]. Accordingly,
there is a need and much scope is there for the
discovery of new SRC tyrosine kinase inhibitors. In
this view, our current research work attempts to
explore the possibility of discovering the new lead
molecules among, pyrazoles, indazoles, and
imidazopyridine analogs for SRC kinase inhibition
by employing docking-based virtual screening
(DBVS) followed by molecular docking, in silico
ADMET (absorption, distribution, metabolism,
excretion, toxicity) studies, and Molecular
Dynamics simulations.

2.  Computational Method
2.1. Virtual Screening and Molecular Docking
Studies

Virtual screening and all molecular docking
simulations were carried out using Molegro Virtual
Docker (MVD) [18] version 2019.7.0.0-2019-03-
18. The crystal structure of C-SRC in complex with
Ibrutinib [PDB: 6L8L] (2.89 A resolution) was
downloaded from the RCSB Protein Data Bank.
Using Discovery Studio Visualiser [19], the water
molecules and ligands were removed from the
protein, and Chain A was taken for further studies.
The protein (Chain A) was imported into MVD, and
the hybridization states, missing bond orders, and
angles were then assigned. To find potential
binding sites cavities were detected in the protein,
and a maximum of five cavities were found. In
cavity number 1, (Volume-451.72), space occupied
by ibrutinib was chosen for further studies with a
grid resolution of 0.30 A and 10 A radius. The
search algorithm was set to GPU Screening
(CUDA) and the scoring function was Plants
[GRID] in virtual screening mode with a 5% return
of best poses. All ligand structures were
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downloaded in 3D sdf format with 1 conformer
from the PubChem database [PubChem: Pyrazoles,
Imidazopyridines, Indazoles] after applying filters
according to Lipinski’s Rule of 5.

Validation of the docking protocol was done by re-
docking the co-crystallized ibrutinib with the

protein 6L8L and comparing the bound ibrutinib
with docked ibrutinib. Docking results show that
the resulted pose was in the same space and same
orientation indicating that the protocol is acceptable
which is shown in Fig 1.

Figure 1. Overlapping of docked ibrutinib with bound ibrutinib in the binding pocket of 6L8L. Yellow-
docked ibrutinib, green-bound ibrutinib

These ligands were imported to MVD and prepared
while importing. The search space was confined to
the space occupied by Ibrutinib and virtual
screening was done using the GPU scoring search
algorithm and MolDock [GRID] scoring function.
The top 5% of returned poses were exported as
ligands and further subjected to detailed docking
studies with default settings using the MolDock SE
search algorithm and MolDock [GRID] scoring
function. (Plant score [GRID] was not considered
because during trails, positive controls chosen as
reference points were shown random results). The
identification of ligand binding modes was done by
iteratively evaluating several candidate solutions
(ligand conformations) and estimating the energy of
their interactions with the macromolecule. Docking
was done in multiple processes using the CPU
(Central Processing Unit). Docking results were
analyzed using the pose organizer, and ligand map.

2.2. Insilico ADMET prediction

Pharmacokinetic properties like ADME along with
toxicities of selected ligand molecules were
predicted using the web server ADMETIab 2.0
[20]. Physicochemical properties like log S, log P,
and log D values and toxicological properties like
carcinogenicity,  respiratory  toxicity,  skin

sensitivity, etc were also predicted using the same
server. SMILES of all ligands were uploaded to the
server and screened for ADMET. The data
generated was exported to Excel file format for
further analysis. In addition to these, drug likeliness
and synthetic accessibility have also been analyzed.

2.3. MD simulations

The MD simulations were done using GROMACS
software [21-24] in a Linux environment. The
selected ligands were exported as mol2 files. The
ligands were then processed in Chimera as
hydrogens were to be added to the existing ligand
files to facilitate proper MD simulations. Chimera
is free software that was used to edit the ligand
structures as required [25]. After confirming the
error-free structures of the ligands, a Perl script was
executed to arrange the bonds of the ligands in
ascending order, as various software create bond
orders in different sequences. Otherwise, it will be
difficult to create topology files for the ligands
which are required for MD.

After the topology was generated for the ligand
molecule the topology files, ligand file, and protein
file were saved separately. Then the protein file was
prepared using GROMACS, where structural errors
were rectified, if any. The CHARMM27 force field
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[26-28] (chemistry at Harvard macromolecular
mechanics) was used, which is an all-atom force
field, and the TIP3P (transferable intermolecular
potential 3P) water model was used for the same.
CHARMMZ27 force field has been widely tested
and validated by many researchers. It has been
proven efficient and error-free for the simulation
calculation. CHARMMZ27 is an updated version of
CHARMMZ22. While CHARMMZ22 is exclusively
for only for protein systems, whereas CHARMM27
has been enhanced for DNA simulations as well.
The CHARMMZ27 or the CHARMMZ22 force field
has been selected because it takes into
consideration the Urey-Bradley term. The Urey-
Bradly term is responsible for keeping the system
from simulating unconventional bond angles
between three bonded atoms. This component sets
a fixed value for the energy and angle for the
bonded atoms, this energy is known as the
equilibrium value or the relaxed state for the atoms.
During the simulation, if the bond angle of these
three atoms changes greater than a certain limit,
then this term compensates energy in accordance of
the change to the system to compensate for the
change in the bond angle of the atoms. This can be
addition of energy to the total energy of the system.
If this additional energy is not added to the system
the structure of the molecule can become highly
strained, leading to unwanted structural
configurations. This can impact the final result in a
negative way. In order to avoid improbable bond
angles in the simulation the Urey-Bradley term is
very important in predicting accurate structures and
the change in structures during the MD process.
The TIP3P water model was used because of its
lower computational cost while offering good
accuracy. In the TIP3P model, the water is
modelled with the help of Lennard-Jones potentials
to take van der Waal interactions between the water
molecules into consideration, and Coulomb’s Law
to include the electrostatic interactions between the
charged ions. We say less computational cost
because in this model the water molecule is
assumed to be rigid i.e., the bond length and the
bond angle of the water molecule are taken to be
constant and do not vary over time. The topology
files for the protein were generated using in-built
commands in GROMACS. The data from the
topology files of the ligand were copied to the
topology file of the protein for further processing.

The Energy minimization was done using the
“Steepest Energy Minimization” algorithm, where
the minimization was stopped when the maximum
force < 10.0 kJ/mol with 0.01 being the energy step
size. Further, equilibration simulations were run
viz, NVT and NPT equilibration. NVT
equilibration is done to bring the system to the
desired temperature i.e., 300K in our case. This
equilibration stabilizes the system at the given
temperature. Whereas the NPT equilibration is
done to stabilize the system to the set pressure
(101325 Pa). Both the simulations were done for 2
ns each using GROMACS.

The protein was put in a triclinic box and solvated
[29] with water. The overall charge of the proteins
was balanced with Sodium and Chloride ions.
Lastly, the Molecular Dynamics calculations were
done for the protein-ligand complex. The
simulation was run for 25 ns for each ligand. The
change in energies of the system was saved every
10 ps. The step change was 2 fs. After the MD was
done, the protein was centered in the generated box.
RMSD was calculated for the ligand, and RMSF
was calculated for the protein chain. Next, the
hydrogen bonds between the protein and ligand
were analyzed and graphed. Also, the gyration
radius was calculated for the protein chain. At last,
the total energy and the temperature of the protein-
ligand complex were calculated.

3. Results and discussion
3.1. Virtual screening and molecular docking
studies

Virtual screening based on molecular docking has
gained popularity in recent years, providing an
additional means of high throughput screening
during the hit identification and lead optimization
phases [30]. In our current research, we employed
DBVS to identify the hits for the inhibition of SRC
kinase. SRC kinase complexed with Ibrutinib (PDB
id: 6L8L) was considered for the current study,
where the DFG motif is in an intermediate
conformation. (DFG partially out) [31]. Small
molecules having pyrazole, indazole, and
imidazopyridine cores, that are considered probable
hinge binders [32, 33] were analyzed for their
interaction with SRC kinase.

Around 9,40,000 pyrazole analogs were filtered
according to Lipinski’s rule to get 112335
molecules from PubChem. Similarly, 104270
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molecules were filtered to get 13136 molecules of
imidazopyridine analogs, and 624703 molecules
were filtered to get 20844 molecules of indazole
analogs. Virtual screening was done separately for
pyrazole analogs. Imidazopyridine analogs and
indazole analogs were screened together due to the
smaller number of analogs compared to pyrazole
analogs. The search space was limited to the space
occupied by Ibrutinib. The molecules were ranked
based on the Moldock score, and the top five
percent of returned ligands, 5615 were taken for
further docking studies. Along with them Ibrutinib,
Bosutinib, Dasatinib, Elzovantinib, Ruxolitinib,
and Saracatinib, which are known SRC kinase
inhibitors, were taken as positive controls, and
Ibuprofen, Mefenamic acid, Paracetamol, and
Piroxicam that are non-inhibitors of SRC kinase
were taken as negative controls for the docking
process as checkpoints. Docking results are given
in Table 1.

The binding affinity given under the MolDock
score was considered for assessment because it
matches the trend of positive and negative controls.
The ligands whose binding affinity was near or
greater than the positive control with the least
binding affinity (Elzovantinib) were considered for
further analysis as it was the least binding affinity
among the positive controls. Negative controls’
best binding affinity was -104.73. Hence, ligands
with MolDock scores less than or equal to -126
were considered to have good results. A total of 278
ligands from the pyrazole class of analogs and 708
ligands belonging to the indazole and
imidazopyridine class of analogs were considered;
results are available in supporting information.
Among these, the top twenty-five ligands from each
class were considered for analysis of interactions at
the binding site, and the docking results are given
in Tables 2 and 3, respectively. Docking results of
best poses are shared in the supplementary material.

Table 1. Docking results of positive and negative controls

Sl. No. | Ligand MolDock Score Rerank Score HBond
1 Ibrutinib (+) -162.84 -132.668 -4.91474
2 Bosutinib (+) -154.368 -122.235 -0.547035
3 Saracatinib (+) -142.178 -110.791 -5.40621
4 Ruxolitinib (+) -138.571 -81.3391 -3.66167
5 Dasatinib (+) -130.979 -109.392 -3.8659
6 Elzovantinib (+) -126.113 -105.322 -4.9855
7 Piroxicam (-) -104.73 -44.3681 -5.89052
8 Mefenamic acid (-) | -93.573 -79.9718 -4.42001
9 Ibuprofen (-) -85.9425 -74.7829 -4.99087
10 Paracetamol (-) -68.5994 -59.2712 -4.99061
Table 2. Docking results of pyrazole analogs
SI. No. | PubChemId | IUPAC Name Structure Moldock Score | H-Bond
4-[3-[2-(1H-imidazol-5- Y -143.95
70736676 yl)imidazol-1-yl]propyl]-3,5- N B ' -2.26713
dimethyl-1H-pyrazole ng ¢
=N
1-methyl-6-[2-(1,2,4-oxadiazol- N
106405701 3-yl)ethyl]-3-propyl-4H- MN\/\ﬂ 3 -138.967 -5.92872
imidazo[4,5-c]pyrazole-5-thione NN N0
1-methyl-4-[1-[2-(5-methyl-1H- | "L~
56861793 imidazol-4-yl)imidazol-1- N kﬁ -138.312 -7.59102
ylJethyl]pyrazole N
N-(3-carbamoyl-5,6-dihydro- O\ NH,
4H-cyclopenta[b]thiophen-2-yl)- i i
4768943 1-methylpyrazole-3- < I § NH Moy 137.96 2.10139
carboxamide g =
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Table 2. Docking results of pyrazole analogs

Sl. No.

PubChem Id

IUPAC Name

Structure

Moldock Score

H-Bond

156321592

3-(8-methyl-[1,2,4]triazolo[1,5-
a]pyridin-6-yl)-4-propan-2-yl-
1H-pyrazole-5-carbaldehyde

-137.833

-5.81515

91772399

3-amino-4-chloro-N-[2-(5,6-
dihydro-4H-
cyclopenta[d][1,3]thiazol-2-
yl)ethyl]-1H-pyrazole-5-
carboxamide

-137.478

-9.7214

106020530

5-(chloromethyl)-3-ethyl-1-
methyl-6-[(1-methylpyrrolidin-
2-yl)methyl]imidazo[4,5-
c]pyrazole

-137.012

-1.26869

104447491

5-(2-chloroethyl)-1,3-dimethyl-
6-[2-(triazol-1-
yl)ethyl]imidazo[4,5-c]pyrazole

-136.798

-6.18519

135966420

2-[2-(1-ethyl-4H-imidazo[4,5-
c]pyrazol-5-yl)pyrrol-1-yl]-1,3-
thiazole

-136.503

-2.70789

10

41709670

1-methyl-N-[(2-thiophen-2-yI-
1,3-oxazol-4-
yl)methyl]pyrazole-4-
carboxamide

-136.109

-4.55005

11

84206551

3-(1,3-benzoxazol-6-yl)-5,6-
dihydro-4H-pyrrolo[1,2-
b]pyrazole-2-carboxylic acid

-136.075

-5.82886

12

119066539

N-[(1-methylimidazol-2-
yl)methyl]-5-thiophen-2-yl-1H-
pyrazole-4-carboxamide

-135.989

-2.61878

13

115990819

6-[(1,3-dimethylpyrazol-4-
yl)methyl]-1-ethyl-3-methyl-4H-
imidazo[4,5-c]pyrazole-5-
thione

-135.73

-2.53946

14

126947450

1-[1-[(5-cyclopropyl-1H-
pyrazol-4-yl)methyl]pyrrolidin-
3-yl]-4-methylpyrazole

-135.707

-2.93942

15

90935652

1-[1,3-di(pyrazol-1-
yl)pyrazolidin-4-yl]pyrazole

-135.54

-3.71603

16

129327913

N-[(4-methyl-1,3-thiazol-5-
yl)methyl]-5-[(3R)-oxolan-3-ylI]-
1H-pyrazole-4-carboxamide

-135.538

-4.74765

17

79288542

5-(2-chloroethyl)-1,3-dimethyl-
6-[(4-methyl-1,2,4-triazol-3-
yl)methyl]imidazo[4,5-
c]pyrazole

-135.399

-1.58315
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Table 2. Docking results of pyrazole analogs

yllmethyl]-3-propylimidazo[4,5-

Sl. No. | PubChemId | IUPAC Name Structure Moldock Score | H-Bond
3-(furan-2-yl)-1-(3-methyl-1,1- M
18 60924396 dioxothiolan-3-yl)pyrazole-4- o Ne © -135.394 -2.43263
carbaldehyde o O?“ AN\ P
1-methyl-6-[(5-methyl-1,2- SyNH
oxazol-3-yl)methyl]-3-propyl- o\>jV i i
19 79300032 4H-imidazo[4,5-Clpyrazole 5. . N@/v 135.241 3.94882
thione /
5-(2-chloroethyl)-1-ethyl-3- &
-6- -3- '
20 79307329 | Methyl-6-(oxolan-3 N 1135.232 -2.80051
ylmethyl)imidazo[4,5- J—QNQN
c]pyrazole ¢
5-pyrazol-1-yl-4-(5-pyrazol-1- (\N Hi\'\“
21 57122893 yl-1H-pyrazol-4-yl)-1H- =N N= -135.217 -6.93168
pyrazole v N
1-[(5-propan-2-yI-1,3,4- (/\N,N
thiadiazol-2- sy
22 132318830 yDmethylfimidazo[1.2- *ﬁs NI -135.175 -5.5413
b]pyrazole-7-carbonitrile N-N N
1-methyl-5-[(2-thiophen-2- R
23 116630266 | Yiimidazol-1- va ( -135.074 -4.35413
yl)methyl]pyrazole-4-carboxylic | o=\, gj ' '
acid =
N-(2,5-dimethylpyrazol-3-yl)-5- o NN
24 60509598 thiophen-2-yl-1H-pyrazole-3- MNJQ\ -134.994 5.14737
carboxamide s g H
/\N N (o]
1-ethyl-3-(1-methylindol-3- NS ow
25 116864159 yDpyrazole 4-carboxylic acid ) -134.967 -3.02409
/
Table 3. Docking results of indazole and imidazopyridine analogs
Sl. No. | PubchemId | IUPAC Name Structure Moldock Score | H-Bond
J
3-Ethyl-2-[[2-(3-fluoropyridin- . N@N :
2-yl)imidazol-1- (\I \ -159.596 )
1 22380154 ylmethylJimidazo[4,5- \N/ N>_/ N/ A\ 2.26713
b]pyridine ) =
2-[[2-(4-chloro-1- N
methylpyrazol-3-yl)imidazol-1- @NWNJ\’SCI
2 22380093 yllmethyl]-3-(2- NN Ny -155.427 -5.92872
fluoroethyl)imidazo[4,5- g \
b]pyridine F
OH
1-[(1-ethylindazol-3-yl)methyl]- .Of o
3 120602685 4-(1-methylpyrazol-4- CE( CN“ -154.241 -7.59102
yl)pyrrolidin-3-ylJmethanol N
.
2-[[2-(2,5-dimethyl-1,3- oo,
. - - X N
4 1azgesz7a | dihvdropyrazol-3-yDimidazol-L- | [ 5 *Q;‘NH -153.102 -2.10139

b]pyridine
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Table 3. Docking results of indazole and imidazopyridine analogs

Sl. No.

Pub chem Id

IUPAC Name

Structure

Moldock Score

H-Bond

137968568

(3R,4S)-N-[(1-ethylindazol-3-
yl)methyl]-4-(triazol-1-
yl)oxolan-3-amine

N
N 2 N”\D
r L

HN/,,O
o

-152.934

-5.81515

136102669

3-[2-[2-(4-chloro-1-
methylindazol-3-yl)imidazol-1-
yllethyl]-1,4-dihydro-1,2,4-
triazol-5-one

S
Cl \_N H
Sae

-152.21

-9.7214

120431098

N-[(1-ethylindazol-3-yl)methyl]-
1-[(2R,3S)-2-(2-methylpyrazol-
3-yloxolan-3-ylJmethanamine

@“@

-151.932

-1.26869

22380098

2-[[2-(4-chloro-1-
methylpyrazol-3-yl)imidazol-1-
yllmethyl]-3-propylimidazo[4,5-
b]pyridine

iy

-151.393

-6.18519

72859965

2-indazol-1-yl-N-[(3R,4S)-4-[(3-
methyl-1,2-oxazol-5-
yl)methyl]oxolan-3-
yl]acetamide

-150.785

-2.70789

10

137865110

(2R,3S)-2-(1,5-dimethylpyrazol-
4-yl)-N-[(1-ethylindazol-3-
yl)methyl]oxolan-3-amine

-150.441

-4.55005

11

22380297

2-[[2-(1,5-dimethylpyrazol-3-
yl)imidazol-1-ylJmethyl]-3-
propylimidazo[4,5-b]pyridine

-149.127

-5.82886

12

24738083

(5R)-5-[(4-methyltriazol-1-
yl)methyl]-3-(1-propan-2-
ylindazol-5-yl)-1,3-oxazolidin-2-
one

-148.242

-2.61878

13

128979665

1-ethyl-3-[[(2S,4R)-4-methoxy-
2-(5-methyl-1H-1,2,4-triazol-3-
yl)pyrrolidin-1-
yllmethyl]indazole

-147.463

-2.53946

14

166048341

3-cyclopropyl-5-[[5-
cyclopropyl-4-(oxetan-3-
yl)imidazol-1-
yllmethyl]imidazo[4,5-
b]pyridine

-147.045

-2.93942

15

20812083

2-[[2-(1-methylpyrazol-3-
yl)imidazol-1-ylJmethyl]-3-
propylimidazo[4,5-b]pyridine

-146.93

-3.71603
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Table 3. Docking results of indazole and imidazopyridine analogs

Sl. No. | PubchemId | IUPAC Name Structure Moldock Score | H-Bond
™
(25,35)-N-[(1-ethylindazol-3- NJND
16 128976367 yl)methyl]-2-(2-methylpyrazol- NN -146.583 -4.74765
3-yl)oxolan-3-amine @é
o
3-cyclopropyl-2-[[2-(6- N /3
17 20812061 fluoropyridin-2-yl)imidazol-1- (N:[N%N =~ " -146.207 -1.58315
yllmethyl]imidazo[4,5- ﬁ N
b]pyridine
6-[1-[(3-ethylimidazo[4,5- R
18 20812045 b]pyridin-2-yl)methyl]imidazol- | [ _ N\>J R -146.089 -2.43263
2-yl]pyridine-2-carbonitrile ) =
2-methyl-5-[[methyl-[2-(1- o
methylindazol-3- N
19 122107656 yl)acetyllamino]methyl]furan-3- @Ngl P o -145.825 -3.94882
carboxylic acid \ 0
3-(furan-3-yl)-N-[(1- o )
20 146126560 methylindazol-6-yl)methyl]-1H- | 27\~ ”m” -145.799 -2.80051
pyrazole-5-carboxamide N-NH 7
N-(1-methylindazol-6-yl)-3-(5- " ,
21 72865216 methyl-1,2,4-oxadiazol-3- y) NTN N | -145.795 -6.93168
yl)piperidine-1-carboxamide \<o/' o \@N
OH
(2R,3S)-2-[3-[6-methyl-3-(1H- B N /=N
22 164160974 pyrazol-4-yl)indazol-1- WN N\NH -145.773 -5.5413
yl]propyl]piperidin-3-ol
1-[[2-(cyclopropane QFO o
23 71588244 carbonylamino)phenyl] n N7 -145.705 -4.35413
methyl]indazole-3-carboxamide é NHz
1-[1-(1-methylindazole-3- ~N "
24 126900931 carbonyl)azetidin-3-yl]pyrazole- N= A///&; -145.601 -5.14737
4-carboxamide g NQ—NN,
1-ethyl-3-[[(2S,4R)-4-methoxy-
(A- _ _tri _2_ N, 2 -N
25 128980136 | 2;(A-methyl-12,4-triazol-3 [0 -145.422 -3.02409
yl)pyrrolidin-1- TN
yl]methyl]indazole p
\

DFG (Asp-Phe-GLy) are the first three amino acid
residues that form an activation loop in the catalytic
site of SRC kinase, depending on the direction the
aspartate residue is oriented; it has two distinct
conformations known as DFG-in and DFG-out.
When it comes to catalysis, it indicates whether or
not the aspartate can bind magnesium ions. These
are referred to as the active and inactive
conformations of the enzyme, respectively. In
addition to the DFG motif's conformation, there is
also the a-C conformation, which is defined as

either a-C-in or a-C-out depending on whether the
salt bridge occurs between aC-glutamate and [3-
lysine. However, SRC kinase has a unique inactive
conformation that is also known as DFG-
intermediate conformation, with aspartate residue
folding inside and o-C-out. The hinge region is
made up of glutamate-339, tyrosine-340,
methionine-341, serine-345, lysine-343, and
glycine-344 residues [34]. Overall, along with the
amino acid residues of the hinge region, the Asp-
Phe-Gly triad of the DFG motif is the crucial set of
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amino acids to take into account for the
investigation of the interaction with docked ligands.
Binding site interactions of pyrazole analogs
revealed that most of the pyrazole analogs showed
interactions with the DFG motif, Asp-404, Phe-
405, and Gly-406 except 57122893, and 79300032,
which showed interaction only with Asp-404, Phe-
405. In the case of indazole and imidazopyridine
analogs, all of them have shown interaction with the
DFG motif. Inthe hinge region, around 18 pyrazole
analogs about the same number of indazole and
imidazopyridine analogs showed interactions with

Glu-339, and very few, only 4 pyrazole analogs
interacted with Tyr-340 and Met-341, but in the
case of indazole, and imidazopyridine analogs,
around 15 analogs have shown interactions. Most
analogs from both classes have shown interaction
with Thr-338, the gatekeeper residue. It is a highly
conserved residue that controls the access of
inhibitors to the hydrophobic cavity not contacted
by ATP within the ATP binding site, and it confers
the selectivity and binding affinity of the inhibitors
[35].

lml (e 336)

(M2 293)

(Gl 339)

|val 337)

3 G

(Val 323

(feu 393 (Ha 403)

(Val 281) (Phe 405)

. = [Val 313)
A (Lew 407) (Asp 404) 'a_|
Lys 295) — ——

(Gl 310)

Figure 2. Orientation of 70736676 in the binding pocket of 6L8L
acid residues in 2D (b). Blue dotted lines indicate H-bond and red dotted lines indicate steric interactions.

in 3D (a) and interaction with amino

[Glu 339)

Val 281)

Met 341)

Figure 3. Orientation of 71588244 in the binding pocket of 6L8L in 3D (a)and interaction with amino acid
residues in 2D (b). Blue dotted lines indicate H-bond and red dotted lines indicate steric interactions.
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(e 294)

(A2 293)

(val 281)

(Thr 338)

(Leu 393]

(1e 336)

(Vai337)

(Asp 404)

(e 321) (Leu 273]

(val 323]

(Leu407) [Gly 406)

(val 313]

Figure 4. Orientation of 22380093 in the binding pocket of 6L8L in 3D (a) and interaction with amino acid
residues in 2D (b). Blue dotted lines indicate H-bond and red dotted lines indicate steric interactions.

@ Ire 5. Orientation of 106020530 in the binding pocke L8L in 3D (a) and interaction with amino

acid residues in 2D (b). Blue dotted lines indicate H-bond and red dotted lines indicate steric interactions.

All of them exhibited strong H-bond interactions
with Asp-404 and Phe-405, two residues of the
DFG motif, and weak interactions were observed
with Gly-406, the third residue of the DFG motif.
With the Thr-338 residue, H-bond interactions are
there with almost all the ligands. Other commonly
observed interactions with variable energies were
with Lys-295, Leu-393, 1le-336, and Ala-403,

which are all part of the SH1 catalytic domain. In
the hinge region, just a few of the analogs interacted
with extremely weak hydrophobic forces. No
significant H-bond interactions were seen at the
hinge region. Interactions of the top 25 ligands in
each class have been given in Table 4 and energy

details are given in supplementary material.

Table 4. List of amino acids interacting with the top 25 ligands in both sets that have shown the best binding energy

Sl. No. | PubChem Id | Amino acid residues Sl. No. PubChem Id Amino acid residues
1 Gly-406, Phe-405, Asp-404, | 26 Gly-406, Phe-405, Asp-404,
70736676 Glutamate-339, Lys-295, 22380154 Lys-295, lle-336 and Thr-
lle-336 and Thr-338 338
2 Gly-406, Phe-405, Asp-404, | 27 Gly-406, Phe-405, Asp-404,
Glutamate-339, and Thr- Glutamate-339, Tyrosine-
106405701 338 22380093 340, Methionine-341, Lys-
295, 1le-336 and Thr-338
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Table 4. List of amino acids interacting with the top 25 ligands in both sets that have shown the best binding energy

SI. No. | PubChem Id | Amino acid residues Sl. No. PubChem Id Amino acid residues
3 Gly-406, Phe-405, Asp-404, | 28 Gly-406, Phe-405, Asp-404,
Lys-295, 1le-336 and Thr- Glutamate-339, Tyrosine-
56861793 338 120602685 340, Methionine-341, Lys-
295, 1le-336 and Thr-338
4 Gly-406, Phe-405, Asp-404, | 29 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Lys-295, I1le-336 and Thr-
4768943 340, Methionine-341, Lys- 142663274 338
295, 11e-336 and Thr-338
5 Gly-406, Phe-405, Asp-404, | 30 Gly-406, Phe-405, Asp-404,
156321592 Glutamate-339, Lys-295, 137968568 Lys-295, lle-336 and Thr-
1le-336 and Thr-338 338
6 Gly-406, Phe-405, Asp-404, | 31 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Glutamate-339, Tyrosine-
91772399 340, Methionine-341, Lys- 136102669 340, Lys-295, lle-336 and
295, 1le-336 and Thr-338 Thr-338
7 Gly-406, Phe-405, Asp-404, | 32 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
106020530 | 16336 and Thr-338 120431098 340, Methionine-341, Lys-
295, 1le-336 and Thr-338
8 Gly-406, Phe-405, Asp-404 | 33 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
104447491 lle-336 and Thr-338 22380098 340, Methionine-341,
serine-345, lysine-343, and
glycine-344
9 Gly-406, Phe-405, Asp-404, | 34 Gly-406, Phe-405, Asp-404,
and Lys-295, lle-336 and Glutamate-339, Tyrosine-
135966420 Thr-338 72859965 340, Methionine-341,
serine-345, lysine-343, and
glycine-344
10 Gly-406, Phe-405, Asp-404, | 35 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Glutamate-339, Tyrosine-
41709670 340, Methionine-341, Lys- 137865110 340, Methionine-341, Lys-
295, 1le-336 and Thr-338 295, 1le-336 and Thr-338
11 Gly-406, Phe-405, Asp-404, | 36 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
84206551 lle-336 and Thr-338 22380297 340, Methionine-341, Ser-
345, Lys-295, lle-336 and
Thr-338
12 Gly-406, Phe-405, Asp-404, | 37 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
119066539 lle-336 and Thr-338 24738083 340, Methionine-341,
Serine-345, Lys-295, lle-336
and Thr-338
13 Gly-406, Phe-405, Asp-404, | 38 Gly-406, Phe-405, Asp-404,
115990819 Glutamate-339 Lys-295, 128979665 Glutamate-339, serine-345,
1le-336 and Thr-338 lysine-343, and glycine-344
14 Gly-406, Phe-405, Asp-404, | 39 Gly-406, Phe-405, Asp-404,
126947450 Glutamate-339, Lys-295 166048341 Glutamate-339, Lys-295, lle-
and Thr-338 336 and Thr-338
15 Gly-406, Phe-405, Asp-404, | 40 Gly-406, Phe-405, Asp-404,
90935652 Glutamate-339, Lys-295, 20812083 Glutamate-339, Tyrosine-

lle-336 and Thr-338

340, Methionine-341, Lys-
295, 1le-336 and Thr-338
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Table 4. List of amino acids interacting with the top 25 ligands in both sets that have shown the best binding energy

SI. No. | PubChem Id | Amino acid residues Sl. No. PubChem Id Amino acid residues
16 Gly-406, Phe-405, Asp-404, | 41 Gly-406, Phe-405, Asp-404,
129327913 Glutamate-339, Lys-295, 128976367 Lys-295, lle-336 and Thr-
lle-336 and Thr-338 338
17 Gly-406, Phe-405, Asp-404, | 42 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
79288542 I1e-336 and Thr-338 20812061 340, Lys-295, lle-336 and
Thr-338
18 Gly-406, Phe-405, Asp-404, | 43 Gly-406, Phe-405, Asp-404,
Lys-295, Lys-295, lle-336 Glutamate-339, Tyrosine-
60924396 and Thr-338 20812045 340, Methionine-341, Lys-
295, 1le-336 and Thr-338
19 Gly-406, Phe-405, Asp-404, | 44 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Glutamate-339, Tyrosine-
79300032 340, Methionine-341, Lys- 122107656 340, Lys-295, lle-336 and
295, 1le-336 and Thr-338 Thr-338
20 Gly-406, Phe-405, Asp-404, | 45 Gly-406, Phe-405, Asp-404,
Glutamate-339, Lys-295, Glutamate-339, Tyrosine-
79307329 lle-336 and Thr-338 146126560 340, Methionine-341,
serine-345, Lys-295, lle-336
and Thr-338
21 Gly-406, Phe-405, Asp-404, | 46 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Glutamate-339, Tyrosine-
57122893 340, Methionine-341, Lys- 72865216 340, Methionine-341,
295, 1le-336 and Thr-338 serine-345, lysine-343, and
glycine-344
22 Gly-406, Phe-405, Asp-404, | 47 Gly-406, Phe-405, Asp-404,
132318830 Glutamate-339, Lys-295, 164160974 Glutamate-339, Lys-295, lle-
1le-336 and Thr-338 336 and Thr-338
23 Gly-406, Phe-405, Asp-404, | 48 Gly-406, Phe-405, Asp-404,
116630266 Lys-295 and Thr-338 71588244 Lys-295, lle-336 and Thr-
338
24 Gly-406, Phe-405, Asp-404, | 49 Gly-406, Phe-405, Asp-404,
Glutamate-339, Tyrosine- Glutamate-339, Tyrosine-
60509598 340, Methionine-341, Lys- 126900931 340, Methionine-341, Ser-
295, 1le-336 and Thr-338 345, Lys-295, lle-336 and
Thr-338
25 Gly-406, Phe-405, Asp-404, | 50 Gly-406, Phe-405, Asp-404,
Lys-295, lle-336 and Thr- Glutamate-339, Tyrosine-
116864159 338 128980136 340, Methionine-341, Lys-
295, lle-336 and Thr-338

3.2. ADMET studies

Drug discovery is a lengthy process characterized
by significant research expenses. High costs often
result from failures rather than successful
outcomes. Several drug candidates are unsuccessful
in pre-clinical or clinical trials due to safety
concerns that can be attributed to inadequate
absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profiles. ADMET studies
evaluate how a drug interacts with different
physiological activities in the body. ADMET
studies are essential for examining a drug's impact

on the entire human system, as well as the body's
impacts on the drug, omitting the target location.
Examining and improving ADME qualities at the
initial phases of drug development is essential for
the effectiveness and safety of the drug candidate,
as it offers vital insights about the drug's behavior
in a biological environment. In in-silico ADMET
studies, we can analyze the impact of the drug in the
biological system using the databases where
ADMET data associated with  particular
structures/fragments is available. These databases
are used to predict the effect of ADMET
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characteristics of new lead drugs in humans by
using data from animal in vivo ADMET research.
About 100 pyrazole analogs and 100 indazole and
imidazopyridine analogs together were subjected to
ADMET screening.

Drugs need to achieve a particular concentration at
the active site to elicit a biological response, which
is influenced by the rate of absorption. Orally
administered drugs must pass through the cell
membranes of the intestines. Caco-2 cells, derived
from human colon adenocarcinoma, are utilized as
an alternative for human intestinal epithelium in
research. Caco-2 cells are utilized for assessing the
permeability of lead compounds, and Caco-2
permeability serves as a crucial indicator for
potential therapeutic candidates. Caco-2 cells are
utilized for assessing the permeability of lead
compounds, and Caco-2 permeability serves as a
crucial indicator for potential therapeutic
candidates. The majority of pyrazole (70%),
indazole, and imidazopyridine analogs were
predicted to have good oral absorption based on the
results of caco-2 permeability. Those with poor oral
absorption can be tried for different routes of
absorption other than the oral route.

For a drug to be effective, it must rapidly distribute
in the body at the required concentration following
absorption. Several drug candidates bind to plasma
proteins in the blood, decreasing the quantity of free
drug available and influencing pharmacodynamics.
Ideal pharmacodynamic behavior requires optimal
plasma protein binding for any drug candidate.
Around 50 % of pyrazole analogs exhibit protein
binding ranging from 70 % to 90 %, which is
acceptable. Around 50 % of indazole, and
imidazopyridine analogs are also favorable, but in
the range of 70 % to 90 %. The rest exhibit protein
binding exceeding 90 %, which is considered
undesirable.

Another crucial consideration is whether a drug can
penetrate the Blood-Brain Barrier (BBB) but
current lead molecules should not cross BBB.
Nearly 60 % of pyrazole analogs are predicted to
have the probability of crossing BBB, whereas in
the case of indazole and imidazopyridine analogs
have 80%. This signifies the likelihood of side
effects on the central nervous system.

The volume of distribution is an essential factor that
relates the initial drug dose to its initial
concentration in the systemic circulation, in

addition to the other mentioned parameters. A
volume of distribution ranging from 0.04 to 20
L/Kg is considered acceptable. All ligands of
pyrazole, indazole, and imidazopyridines fall
within an acceptable range for volume of
distribution.

Metabolism, also known as biotransformation, is
essential for rapid drug detoxification and for
activating prodrugs. Metabolic rate influences both
the drug's duration of action and its elimination
process. Phase | of metabolic reactions involves
oxidative processes, while phase Il involves
conjugative reactions. The human cytochrome
P450 family has 57 isozymes that participate in the
majority of phase | metabolic reactions and are
responsible for the metabolism of most drugs and
drug candidates. Enzymes 2D6, 3A4, 1A2, 2C19,
and 2C9 are used to predict the metabolism of
potential drug candidates on a scale from 0 to 1.
Pyrazole, Indazole, and imidazopyridine analogs
are expected to act as substrates or inhibitors of
Cytochrome P450 isoforms 2D6, 3A4, 1A2, 2C19,
and 2C9 based on their values falling within the
range that suggests they could function as inhibitors
or substrates.

It is essential to eliminate the drug and its
metabolites to avoid their accumulation, which can
result in further complications. The solubility of the
drug and its metabolites is a contributing factor in
excretion. Clearance and half-life are the key
parameters used to evaluate the excretion of drug
candidates. Both are interrelated with each other
and with the volume of distribution influencing the
dosage frequency. 80% of pyrazole analogs have
shown greater clearance with values over 5
ml/min/kg. 10-15% are expected to have a
favorable half-life ranging from 0 to 0.3, while
approximately 50% are anticipated to have a poor
half-life, with the remaining showing an average
half-life. Around 25% to 30% of indazole and
imidazopyridine analogs are expected to have a
poor half-life, the rest falling within the range of
good to average, while 80% to 90% show better
clearance. All the results of the ADMET screening
are given in supplementary material.

Drugs may have adverse effects due to toxicity in
particular organs or some drugs may be toxic based
on the dose. We must analyze the toxicity levels to
minimize the impact. Various toxicity parameters
are considered for evaluation. The hERG (cardiac
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potassium channel encoded by the human ether-a-
go-go-related gene) toxicity is a significant
parameter widely considered due to its potential to
cause arrhythmia, long QT syndrome that may lead
to fainting or sudden death. The other significant
toxicity indicators considered are human
hepatotoxicity (H-HT), Drug-induced liver injury
(DILI), skin sensitization, carcinogenicity, and
respiratory toxicity.

Most Pyrazole, indazole, and imidazopyridine
analogs do not exhibit hERG toxicity, with only a
small number of ligands showing such effects. Only
4-5 pyrazole molecules and nearly 10% of indazole
and imidazole analogs have exhibited skin
sensitivity. Nonetheless, nearly 65% of pyrazole,
indazole, and imidazopyridine analogs are expected
to be hepatotoxic, with 75% anticipated to cause
drug-induced liver injury. Nearly forty to forty-five
percent of pyrazole molecules, as well as 70-75
percent of indazole and imidazopyridine analogs,
have been shown to be carcinogenic, with 70% to
75% of pyrazol, indazole, and imidazopyridine
analogs expected to be respiratory toxic. Anti-
cancer drugs are commonly known to cause
respiratory, hepatotoxicity, and hERG toxicity [36,

37]. Carcinogenicity is also an important factor to
consider. In summary, all three classes of molecules
are safe in terms of hERG toxicity, but we expect
the majority to be toxic in terms of respiratory
toxicity and carcinogenicity. In the case of drug-
induced liver damage and hepatotoxicity, the
majority of all three ligand classes were predicted
to be toxic. Identifying completely non-toxic
compounds within the three classes was extremely
challenging; however, we consider ligand
molecules that do not exhibit hERG, respiratory
toxicity, skin sensitivity, or carcinogenicity as the
least toxic, as shown in Table 5. Such molecules are
chosen from all three classes, with pyrazoles and
indazoles accounting for the majority of them. The
majority of imidazopyridine did not meet our
criteria and was predicted to show one or more of
the four toxicities categories that we considered.

The ligands with the highest binding affinity and
least toxicity (absence of respiratory toxicity, skin
sensitivity, or carcinogenicity) were selected
individually for molecular dynamics (MD)
simulations to study the behavior and interactions
between the protein and ligand in close proximity.

Table 5. Selected compounds predicted to be least toxic and their toxicities

ﬁl'c') IPd“bChem IUPAC Name Structure hERG? | H-HT® | DILI*® | SS | Car® | RT
1-[1-[(5-cyclopropyl-1H- . N’Nj\

1 126947450 | pyrazol-4-yl)methyl]pyrrolidin- N@Q/ ~ 0.436 0.811 0.961 0.317 | 0.156 | 0.34
3-yl]-4-methylpyrazole H
N-[(4-methyI-1,3-thiazol-5- s

2 128968081 | yl)methyl]-5-(oxolan-3-yl)-1H- | N HXN» 0.061 0.614 0.967 0.094 | 0.034 | 0.037
pyrazole-4-carboxamide 5
3-(furan-2-yl)-1-(3-methyl-1,1- B

3 60924396 | dioxothiolan-3-yl)pyrazole-4- on N=~© | 0.019 0.723 0.956 0.041 | 0.449 | 0.178
carbaldehyde o//O?N/ -0
5-pyrazol-1-yl-4-(5-pyrazol-1- HN’E\ N\@

4 57122893 | yl-1H-pyrazol-4-yl)-1H- N%N 0.062 0.465 0.998 0.042 | 0.049 | 0.274
pyrazole @‘N Sy
3-[(4-chloro-1-propylpyrrole-2- ; ~

5 64527682 | carbonyl)amino]-1H-pyrazole- Oz HM 0.031 0.831 0.986 0.04 |0.03 |O0.214
5-carboxylic acid Nenls OH
1-(3-ethyl-1-methylpyrazol-4- o

6 107463827 | Y-4-C- A M= " 1002 0.487 | 0.989 | 0.045 | 0.478 | 0.096
hydroxypropyl)pyrazole-3- NN ok
carboxylic acid 7
L{1-(2- QL

7 126900899 | cyclopentylacetyl)azetidin-3- BN 00.032 0.862 0.855 0.106 | 0.433 | 0.013

yl]pyrazole-4-carboxamide

-
N= NH,

92



https://pubchem.ncbi.nlm.nih.gov/compound/126947450
https://pubchem.ncbi.nlm.nih.gov/compound/128968081
https://pubchem.ncbi.nlm.nih.gov/compound/60924396
https://pubchem.ncbi.nlm.nih.gov/compound/57122893
https://pubchem.ncbi.nlm.nih.gov/compound/64527682
https://pubchem.ncbi.nlm.nih.gov/compound/107463827
https://pubchem.ncbi.nlm.nih.gov/compound/126900899

Turkish Comp Theo Chem (TC&TC), 9(4), (2025), 78-105

Rashmi P, Vishak Harish

Table 5. Selected compounds predicted to be least toxic and their toxicities

SI.

No.

PubChem
Id

IUPAC Name

Structure

hERG?

H-HT®

DILI?

SS

Car?

RT

104894301

(2R)-2-[(3,5-dimethyl-1H-
pyrazole-4-carbonyl)amino]-3-
(1H-imidazol-5-yl)propanoic
acid

Ho—/°
NH
= R}
NJ\\\ NH
N
N

o\ Nk

0.053

0.772

0.968

0.123

0.024

0.143

62631909

3-cyclopentyl-1-(3-methyl-1,1-
dioxothiolan-3-yl)pyrazole-4-
carbaldehyde

N
O= N =
o A0

0.014

0.603

0.951

0.059

0.492

0.65

10

126900490

1-[1-(2,5-dimethylfuran-3-
carbonyl)azetidin-3-yl]pyrazole-
4-carbonitrile

et

]

=

0.027

0.97

0.976

0.075

0.948

0.01

11

64784375

2-[(1-cyclopentylpyrazol-3-
yl)methyl]pyrazole-3-carboxylic
acid

X
|

\ N\/q\N\Q

OH

O

0.031

0.501

0.984

0.082

0.033

0.021

12

122107656

2-methyl-5-[[methyl-[2-(1-
methylindazol-3-
yl)acetyllamino]methyl]furan-3-
carboxylic acid

9025

o=\

0.301

0.972

0.049

0.085

0.02

13

71588244

1-[[2-
(cyclopropanecarbonylamino)ph
enyllmethyl]indazole-3-
carboxamide

0.594

0.608

0.78

0.118

0.286

0.145

14

126900931

1-[1-(1-methylindazole-3-
carbonyl)azetidin-3-yl]pyrazole-
4-carboxamide

0.083

0.91

0.975

0.032

0.442

0.019

15

118779370

3-(4,5-dimethyl-1H-pyrazol-3-
yl)-N-[(1-ethylindazol-3-
yl)methyl]propanamide

—

0.714

0.382

0.065

0.147

0.323

16

91790722

2-indazol-1-yI-N-[(3-pyridin-4-
yl-1H-1,2,4-triazol-5-
yl)methyl]acetamide

057
/}/)\&\N

0.623

0.982

0.066

0.506

0.52

17

131916416

N-[(4-cyclohexyl-1,2,4-triazol-
3-yl)methyl]-1-methylindazole-
3-carboxamide

0.049

0.657

0.371

0.038

0.381

0.331

18

21106977

[5-[1-(1H-pyrrol-3-
ylmethyl)indazol-3-yl]furan-2-
yl]methanol

0.217

0.222

0.957

0.079

0.053

0.115

19

146153675

5-(furan-2-yl)-N-[(1-
methylindazol-4-yl)methyl]-1H-
pyrazole-3-carboxamide

3.074

0.253

0.879

0.033

0.285

0.513

20

141364950

2-[6-chloro-3-(5H-pyrrolo[2,3-
b]pyrazin-2-yl)indazol-1-yl]-
N,N-dimethylacetamide

0.202

0.86

0.951

0.047

0.353

0.672
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Table 5. Selected compounds predicted to be least toxic and their toxicities

SI.

No.

PubChem
Id

IUPAC Name

Structure

hERG?

H-HT®

DILI?

SS

Car?

RT

21

124208325

N-[(1,5-dimethylindazol-3-
yl)methyl]-3-o0x0-5,6,8,8a-
tetrahydro-1H-[1,3]oxazolo[3,4-
a]pyrazine-7-carboxamide /

hit
@\ﬂu N"N0,104
N/#\‘ K/ ﬁ

0.861 0.217 0.084

]

0.24

0.017

22

56719975

1-methyl-N-[2-(6,7,8,9-
tetrahydro-5H-
[1,2,4]triazolo[4,3-
d][1,4]diazepin-3-
yl)ethyl]indazole-3-
carboxamide

(o]
HN =
. f Jﬁ?@on

0.152 0.139 0.031

0.357

0.164

23

20867455

N-(furan-2-ylmethyl)-3-(3-
propylimidazo[4,5-b]pyridin-2-
yl)propanamide \_/

0.114 0.278 0.116

0.644

0.647

24

56739074

3-(3-methylimidazo[4,5-
b]pyridin-2-y1)-1-[3-(1H-
pyrazol-5-yl)piperidin-1- B
yl]propan-1-one N

0.658 0.164 0.098

0.207

0.652

25

167282363

1-[3-(2,6-dioxopiperidin-3-yl)-
1-methylindazol-7-
yllpyrrolidine-3-carbaldehyde

0.634 0.188 0.508

0.264

0.054

26

70736676

yl)imidazol-1-yl]propyl]-3,5-
dimethyl-1H-pyrazole

4-[3-[2-(1H-imidazol-5- =

0.902 0.921 0.64

0.022

0.92

SS: SKkin Sensitivity?
Car: Carcinogenicity?
RT: Respiratory toxicity?

a:Empirical values in the range of 0-0.3 considered as excellent, 0.3-0.7 as moderate and above as poor.

3.3. MD Simulations

To gain insight into the stability of the protein
ligand complex, MD simulations for SRC kinase
(PDB Id:6L8L) in complex with different ligands 4-
[3-[2-(1H-imidazol-5-yl)imidazol-1-yl]propyl]-
3,5-dimethyl-1H-pyrazole (PubChem Id:
70736676), 2-[[2-(4-chloro-1-methylpyrazol-3-
yl)imidazol-1-yllmethyl]-3-(2-
fluoroethyl)imidazo[4,5-b] pyridine (PubChem Id:
22380093), 1-[(1-ethylindazol-3-yl)methyl]-4-(1-
methylpyrazol-4-yl)pyrrolidin-3-ylJmethanol
(PubChem 1d: 120602685), that has shown best
binding  affinity,  N-[(4-methyl-1,3-thiazol-5-
yl)methyl]-5-[(3R)-oxolan-3-yl]-1H-pyrazole-4-
carboxamide (PubChem 1d:129327913), 1-[[2-
(cyclopropane carbonylamino)phenyl]
methyl]indazole-3-carboxamide (PubChem
1d:71588244), those having least toxicity, 5-
(chloromethyl)-3-ethyl-1-methyl-6-[(1-
methylpyrrolidin-2-yl)methyl]imidazo[4,5-

c]pyrazole (PubChem Id: 106020530), 2-[[2-(2,5-
dimethyl-1,3-dihydropyrazol-3-yl)imidazol-1-
yl]methyl]-3-propyl imidazo[4,5-b]pyridine
(PubChem 1d: 142663274) having best ADME
profile were performed for 25 ns under
physiological conditions. MD simulation for the
native ligand Ibrutinib along with SRC kinase has
also been done for reference. The ligands were
chosen in such a way that they exhibit least toxicity,
better ADME profile and better binding affinity.
The stability of the complexes was assessed using
RMSD values. The RMSD graph of the native
ligand lbrutinib (Fig. 6h) shows that it began to
stabilize at around 5 ns, but conformational changes
occurred every 7 to 8 ns. Compound 70736676, a
pyrazole analog, changed conformation very early
but remained in the same conformation for the
majority of the time, indicating relative stability
(Fig. 6a). Compound 22380093  from
imidazopyridine  fluctuated and  changed
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conformation before stabilizing at 19.25 ns (Fig.
6b). Compound 120602685, which has an indazole
nucleus, changed conformation at 9.5 ns and
remained stable for about 15 ns (Fig 6e). In the case
of compound 129327913, RMSD gradually
increased before stabilizing at 5.2, 10 ns (Fig 6f).
The fluctuations were observed, and it was less
stable. Compound 71588244 was found to be the
most stable, with values ranging from 0.06 to 0.2
over 25 ns (Fig 6c). Compound 106020530 was
very unstable, and many fluctuations were observed
(Fig 6d). The compound 142663274 remained
stable for 23 ns, but wobble was observed at the
later stages (Fig 69).

Root mean square fluctuation (RMSF) represents
the flexible regions of a protein, with higher values
indicating flexibility and lower values indicating
rigidity. RMSF was applied to all 8 simulated
systems depicted in the Fig 7. All eight systems
showed a similar fluctuation pattern. The protein's
terminal residues fluctuated the most. The
overlapping of graphs obtained by RMSF values
indicates that the fluctuations were almost similar
among all complexes, as shown in Fig 7a & Fig 7b.
Aside from that, flexibility was commonly

observed in the alpha helix region between Glu-339
and Tyr-376 in all systems. Overall, we observed
fluctuations in Gly-465, Asn-468, Asp-518, and
Phe-520.

The average RMSF values for SRC-Ibrutinib, SRC-
70736676, SRC-129327913, SRC-106020530,
SRC-120602685, SRC-142663274, SRC-
71588244, and SRC-22380093 complexes were
0.109, 0.165, 0.155, 0.167, 0.145, 0.157, 0.133, and
0.163 nm, respectively. These results showed that
all of the complexes were relatively stable. In
comparison, the fluctuation in SRC-71588244
complex (Fig 7d) followed the same trend all other
complexes (Figs 7d, 7e, and 7f), however the
magnitude was lower. 71588244 could be
considered best with minimal fluctuations.

The radius of gyration (Rg) reflects the
compactness of the protein-ligand complex. When
Rg values are low, it indicates that the molecule is
compact or rigid, whereas high values indicate that
the molecule has expanded. Rg values in MD
simulations indicate the complex's stability
throughout the process, including any changes in
conformation or structure (Fig 8a & 8b).
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Figure 6. RMSD graphs of protein 6L8L in complex with seven selected ligands (a-g) and Ibrutinib, native

ligand (h).

The 70736676-SRC complex exhibited slight
variation within the range of 0.1 nm, but it remained
stable and rigid throughout the process, with no
indication of significant structural change (Fig 8c).
Initially, the 129327913-SRC complex showed a
slight change in structure; however, it became
stable further, with variations falling within the
range of 0.06 nm. The 106020530-SRC complex
initially expanded in structure and became stable
and rigid over time, as evidenced by decreasing
values, and it remained stable with variations in the

range of 0.05 nm (Fig 8e). In the 120602685-SRC
complex, and the 142663274-SRC complex, the
structure initially relaxed before becoming stable in
that position with variations of 0.1 nm. The
71588244-SRC  complex initially  exhibited
variations; however, as time passed, the complex
became rigid, with variations in the range of 0.04
nm (Fig 8d). The 22380093-SRC complex initially
exhibited variations but became rigid after 13 ns,
showing variations within the range of 0.05 nm (Fig

8f).
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(a) and with four ligands in (b). RMS fluctuation of 70736676 (c), 71588244 (d), 106020530 (e), 22380093

(f).

21 Radius of gyratlon‘(total and around Radius of gyration (total and around
axis) 21 axis)
2.05 ) ' Native
X | Native Rg(nm)
= . i Rg(nm) 120602685
£95 .wwn"uic“flll,.r“““'5JJ3,‘#“W"'* AN —— 70736676 Rg(nm)
& ' Rg(nm) 142663274
1.9 Rg(nm)
. 129327913 185 71588244
- Rg(nm) e Rg(nm)
1.8 106020530 T o 29892982898:s —— 22380093
O 00 00 Q00 0QQ
2233883538  raom NeBsiRaggr b
a Tme (F‘)ST Time (ps)
70736676-Radius of gyration
2.05
2
—
E 1.95
c
=)
o 1.9
1.85
1.8
O oo 0000000000 OCOO0COO0O0COO0DO0OO0OO0CO0OO0OO0OOoO0oooo
SN SN ON000O0 dNM S N WS 000 doN NS N WS OO
0 W T N OOWWLST NS~ OMNAOM~NMMNON OO0 O S oN O W W s
AN MM SN O~ 00O A NN SN OSSO0 O A N NS
o H A A A1 NN N NN
c Time (ps)

98



Rashmi P, Vishak Harish

Turkish Comp Theo Chem (TC&TC), 9(4), (2025), 78-105
71588244-Radius of gyration

1.98
1.96
1.92

1.9
1.88
1.86

c

—

— 194

00EVT
06bET
08922
0481T
09012
05207
orbeT
0£93T
0Z8LT
OTOLT
00291
06€ST
08SYT__
oLLET B
0967T—
ostzr ©
oveTT,E
ogsoth™
076
0168
0018
06CL
089
0495
098t
0sot
ovze
0£T
0291
018

0

22380093-Radius of gyration

2.1
2.05
1.95

1.9
1.85

1.8

c

—

06tre
00Lec
0tleéc
0Zt1ee
0EETT
0¥S0¢
0S/6T
0968T
0L181
08ELl
06591
008sT
0T0ST
0CeHT —
0EVET O
0vocT @
0S81T £
09011 —“
0LE01
08F6
0698
006L
0TTL
0ce9
0ESS
OvLY
0Se6E
091¢
0/gc
08ST
06L

99

and with four ligands in (b). Radius of gyration of 70736676 (c), 71588244 (d), 106020530 (e), 22380093
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Figure 9. Graphs representing the total energy during MD simulation. a) Total energy graph of 70736676,
b) Total energy graph of 71588244, c) Total energy graph of 106020530, d) Total energy graph of

22380093.

In comparison to standard Ibrutinib, the 71588244-
SRC complex was more compact and rigid,
whereas the 106020530-SRC complex became
compact after 14 ns. The rest of the compounds
were comparable to the standard Ibrutinib-SRC
complex and could be considered useful.

The total energy which is the sum of potential
energy and kinetic energy in the MD simulations is
likely to be constant to ensure that the simulation in
physically valid. Total energy of all complexes
indicated that they were in equilibrium because

there were no systematic drifts in the value and only
minor fluctuations (Fig 9a-Fig 9d).

H-bond analysis indicated that during the
simulation, 71588244 showed four H-bonds, with
at least three appearing the majority of the time.
70736676 showed 1-3 H bonds, with 2 appearing
the majority of the time. 106020530 initially
showed 1-2 H bonds, which later increased to three.
The rest four of them showed 1-2 H bond
interactions, but the majority of the time there were
no H-bond interactions.

Figure 10. a) 2D diagram of the interaction of 70736676 with surrounding amino acids in the binding
pocket of SRC kinase (PDB Id: 6L8L) during MD simulation. b) Binding mode of 70736676 in the binding
pocket of SRC kinase (PDB Id: 6L8L) during MD simulation showing hydrogen bonding.
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Figure 11. a) 2D diagram of the interaction of 71588244 with surrounding amino acids in the binding
pocket of SRC kinase (PDB Id: 6L8L) during MD simulation. b) Binding mode of 71588244 in the binding
pocket of SRC kinase (PDB Id: 6L8L) during MD simulation showing hydrogen bonding.

Figure 12. a) Visualization of electrostatic interaction of 71588244 in the binding pocket (light green color,
position indicated with arrow) b) a) Visualization of electrostatic interaction of 106020530 in the binding
pocket (purple color, position indicated with arrow)

During MD simulation it was observed that in spite
of good docking score, only two ligands 71588244
(Fig 12a) and 70736676 were found in the binding
pocket and able to form hydrogen bonds. Ligand
22380093 and 106020530 (Fig 12b) were found
outside the binding pocket. To arrive at conclusions
regarding these two ligands, MD simulations must
be run over a lengthy period of time. Because
22380093 has fewer rotatable bonds, it is less
flexible and may not be able to achieve the
conformation necessary for interaction in the
binding pocket. Only ring nitrogen atoms are
available for hydrogen bond formation, which
could be one of the reasons for the lack of
interaction at the binding site. Ligand 142663274
could also have the same reason for not giving

expected results. Ligand 129327913 found in
folded condition during simulation and it was
unable to reach the binding site in the given time.
On the whole, few ligand did not give expected
results in MD simulation in spite of good docking
scores. It may due to the fact that docking studies
were done in the absence of water and other ions
like Chloride and Sodium. MD simulations were
done both in the solvation condition and in the
presence of other ions that might change the
behavior of the ligands.

Overall, after analyzing the results of MD
simulations, two ligands (71588244 and 70736676)
were considered the best. Fig 10a and Fig 11a give
details about the interaction of the above two
ligands with protein SRC kinase (PDB Id: 6L8L) in
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2D (2 Dimension) and Fig 10b and Fig 11b gives
insight about binding interaction in 3D (2
Dimension) respectively. After the MD simulation,
70736676 was found to be H-Bonded to Thr-77 and
Asp-143. As we have considered only the A chain,
the residue numbers will be different, as during the
docking only the A chain was taken and the residue
numbers were taken automatically. And after MD
the visualizer considered these residues as a
different unit rather than a part. So, we can see that
after docking, the ligand is bound to Thr-338 and
Asp-404. When viewed in the sequence viewer in
MVD it was found that both sets of residues were
the same with different numbering. Similarly,
71588244 was found to be H-Bonded with Lys-35,
Val-63, and Asp-143, which are Lys-295, Val-323,
and Asp-404, respectively, and steric interaction
with Thr-77 which is Thr-338. MD simulation is
done for two ligands, 70736676 and 71588244 for
25 ns, consisting of a total of 2501 frames,
generated by taking every fifth frame and video
shared in the supplementary material. Water,
sodium, and chloride were removed while
generating the video.

On the whole it can be said that indazole and
imidazopyridine  analogs  exhibited  more
interactions with the amino acid residues in the
binding pocket in comparison with pyrazole
analogs. The number of molecules with better
binding affinity was also higher in indazole and
imidazopyridine than in pyrazole analogs. Since
pyrazole, indazole, and imidazopyridine were
expected to bind to the hinge region, interactions
were seen in most of the ligands at least with one
amino acid residue in the region, which is Glu-339.
Though they have shown a lower number of H-
bond interactions, there are numerous steric and
hydrophobic interactions, often of a weak nature.
Even these weak forces of interaction were visible
after MD simulations. It indicates that all these
ligands exhibit many weak interactions. Maybe that
is the reason, many H bonds were not observed
during MD simulations. Despite that, the number of
ligands showing positive results was higher. The
limitation was various organ toxicities, where each
ligand is predicted to exhibit one or the other.
Among the ligands 129327913, and 71588244 that
were considered as least toxic, only 71588244 has
exhibited superior and consistent binding in the
active site of 6L8L. 70736676 has shown the best
binding energy in docking studies, but except
hERG it has been predicted to show other toxicities
whereas the other one 22380093 showed better
binding energy, but in MD it has not exhibited
impressive results.

4, Conclusions

The current study proved that the compounds
containing pyrazole, indazole, and imidazopyridine
cores could be potential SRC kinase inhibitors.
Predictions indicate that these analogs may be
toxic. Considering the risk-benefit ratio, most of
them have not been predicted to show hERG
toxicity, which is significant. Indazole core-
containing ligands exhibited the least toxicity, and
better binding affinity, and therefore they are
considered promising SRC kinase inhibitors. This
study serves as a foundation for the further
evaluation of these analogs. 1-[[2-(cyclopropane

carbonyl  amino)phenyl]  methyl]indazole-3-
carboxamide  (71588244) and  4-[3-[2-(1H-
imidazol-5-yl) imidazole-1-)yl]propyl]-3,5-

dimethyl-1H-pyrazole (70736676), which were the
outcomes of current research work were reported
earlier for Hepatitis C anti-viral activity and
Inositol hexaphosphate kinase 1, 12-S lipoxygenase
inhibitory activity, respectively. For consideration
under repurposing for cancer treatment, further
experimental studies are needed to validate the in
silico findings and evaluate the efficacy and safety
of these analogs in preclinical and clinical settings.
In future, these molecules will be subjected to
further in-depth MD analysis for longer period of
time and molecular mechanics studies for
confirmation. Then the chosen ligands will be
screened for SRC kinase inhibition in vitro along
with anti cancer activity. If necessary, for lead
optimization, toxicophores will be modified with
further confirmation with in silico followed by in
vitro studies. Optimized and improved drug
candidates will be tested in vivo for anticancer
activity.
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