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The search for effective cancer therapies has driven significant interest in targeting Polo-like kinase 1 (PLK1), a crucial
regulator of cell cycle progression, mitosis, epithelial-mesenchymal transition, autophagy, and DNA replication. Over
expression of PLK1 is frequently observed in various cancers, making it a promising therapeutic target. Given the need for
novel and potent PLK1 inhibitors, this study investigates the benzothiazole-containing drug 5f-203, known for inducing cell
cycle arrest, as a potential PLK1 inhibitor. Using the PubChem database, novel PLK1 inhibitors were identified with 5{-203
(clinical trial, Phase 1) as the reference molecule. A comprehensive computational approach, including virtual screening,
ligand and protein preparation, grid building, and molecular docking, was employed to evaluate co-crystallized ligand
5f-203, screened molecules, and newly designed compounds (N1-N6). Protein validation using ProSA (-7.9), ERRAT
(95.36%), and the Ramachandran plot (84.1% residues in favored regions) confirmed model reliability. Lipinski’s rule was
applied as an additional filter, and molecular docking revealed binding affinity values ranging from -8.82 to -7.73 kcal/mol,
with molecule P1 exhibiting the highest affinity (-8.82 kcal/mol). Interaction analysis showed that 5{-203 formed H-bonds
with Argl120 and NH,, while Ala66, Argl22, and Ile118 contributed to pi-alkyl interactions. Newly designed compounds
(N1-N6) outperformed 5f-203 in docking scores, with synthetic accessibility below 4.5. ADMET studies further supported
their drug-like potential. These findings suggest that the top 10 screened hits and newly designed benzothiazole derivatives
hold promise as PLK1 inhibitors, offering a potential avenue for cancer therapy.
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Cancer is characterized by uncontrolled cell
proliferation. It is regarded as the most fatal and
common causes of death globally'?. The most recent
data from the International Agency for Research on
Cancer, released on December 14, 2020, indicated
that in 2020, there were 19.3 million new cases of
cancer and 10 million fatalities worldwide.
Additionally, the WHO forecasts a rise in cancer
cases, estimating 29.5 million new diagnoses and
16.4 million deaths by 2040>*. The identification of
cancer therapies and associated targets has received
a great deal of attention. The development of
chemotherapeutic medications that target proteins that
control the cell cycle has made significant progress”.
Many malignancies are characterized by cell cycle
disruption. In addition to disrupting the cell cycle,
PLK1 drives cancer progression by reshaping cellular
metabolism, specifically by boosting the pentose
phosphate pathway and channelling glucose towards
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pathways involved in synthesizing macromolecules®.
Inhibiting PLK1 expression often leads to decreased
proliferation across various cancer cell types,
establishing it as a potent proto-oncogene and a
promising target for cancer therapy”'’. Currently,
over ten PLK1 inhibitors (PLK1) are in clinical trials,
with the FDA-approved kinase domain inhibitor
volasertib (BI 6727) recognized as a "breakthrough
therapy" in 2013'"'?. The PLK family comprises
serine/tyrosine kinase proteins, from PLK1 to PIkS,
found widely in eukaryotic cells, exerting pivotal
roles in diverse cell cycle stages. PLK1, the most
extensively studied member, shares structural
similarities with other kinases, featuring an
N-terminal Ser/Thr kinase domain and a C-terminal
polo-box domain repetition. Following a thorough
review of the literature, it was discovered that certain
benzothiazole derivatives exhibit encouraging anti-
cancer properties. Among these, 5f-203 (IUPAC
Name provided in Supplementary data) stands out as
a significant drug. Acting as an Aryl hydrocarbon
receptor (Ahr) agonist, it triggers a signalling cascade
that leads to DNA damage and apoptosis in cancer
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cells susceptible to its cytotoxic effects. This drug is
currently in clinical trial phase 1. Apart from 5£-203,
GW 610 (Fig. 1), are other benzothiazole derivatives
which shows anti-cancer activity published in the
literature'*"”. Figure 1 displays the benzothiazole
compounds available in the market, demonstrating
their efficacy across a spectrum of diseases like
Frentizole functions as both an antiviral and
immunosuppressive agent. Riluzole is wused in
Amyotrophic Lateral Sclerosis, Thioflavin T is
utilized for histological staining and biophysical
investigations related to protein aggregation studies
and FEthoxzolamide is employed for treating
glaucoma, duodenal ulcers, and as a diuretic'®?'. In
this respect, we report structure based virtual
screening studies of the “PubChem” using 5f-203 as
rational molecule, followed by docking of 5f-203,
screened molecules and newly designed molecules on
Plkl protein. The process of molecular docking
involves ligand in 3-dimensional structure into
receptor and variety of interaction positions on
different sites was analysed. This approach is useful
in drug development and therapeutic chemistry since
it provides information about molecular recognition®.
Ten promising compounds were selected through
molecular docking and binding affinity analyses.
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These compounds exhibit potential as lead candidates
in the exploration of potent PLK1 inhibitors during
research and development.

Experimental approach and methodology
Choosing and Preparing Protein

Polo-like kinase 1 structure (PDB ID: 3DBE)* was
taken from the data bank ofprotein®. Protein structure
was downloaded in.PDB format. Utilizing an
MMFF94 force field, this protein was made ready to
the docking process through eliminating heteroatoms
(water and ions), introducing polar hydrogen, and
assigning Kollman charges.

Preparation of Pubchem database compounds and the reference
ligand

PubChem serves as a publicly accessible molecular
information repository, constituting a vital component
of the NIH Roadmap Initiative's scientific endeavors.
Within its extensive dataset, PubChem hosts
approximately  twenty-seven  million  entries
encompassing diverse chemical structures derived
from over seventy million substance depositions.
Furthermore, it contains nearly 449, 000 bioassay
recordings, encompassing a wide array of in vitro
metabolic and cell-based screening bioassays
targeting over seven thousand genes and proteins
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Fig. 1 — 2D structures of benzothiazole derivatives and marketed drugs
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associated with more than 1.8 million molecules®. In
drug development, virtual screening techniques
are commonly utilized to streamline processes
and conserve resources. PubChem provides
comprehensive molecular data including information
on attributes such as the molecular weight, computed
log P, number of hydrogen-bond donors and acceptors
and count of rotatable bonds. For the virtual screening
process, 5f-203 was selected as the reference
molecule, resulting in the identification of 1144
potential candidates. The 2D and 3D chemical
structures of benzothiazole-containing compounds
were retrieved from the PubChem website in sdf and
Mol formats. Subsequently, these structures were
converted into pdb files using Pyrx and further
transformed into pdbqt format using the autodock
tools ligand preparation module 1.5.7°°%,

Generation of grid and molecular docking

The active region of a protein that was identified
through the protein-ligand interactions profiler
website is displayed in supplementary data as
(Fig. 1)”. The identified residues were utilized to
build a grid box surrounding the active site.
AutoDock utilizes Autogrid 4.0 to generate
interaction energy grid maps (A, C, Cl, NA, OA, N,
and HD) corresponding to various molecular types
present in ligands™. The interacting residues obtained
from PLIP are employed to define a grid box
surrounding the target site. The grid centre
coordinates are set at 16.285 for x, 79.163 for y, and
46.04 for z dimensions, while the grid box dimensions
are adjusted to 50 grid points each to encompass all
amino acid residues within the active pocket, with a
spacing of 0.375 A between grid points. Discovery
Studio visualizer’' and Autodock tools 1.5.6™** was
employed to assess and display the docking findings.

ADMET prediction and Lipinski’s rule of 5

To guarantee that the newly developed scaffolds
possess  crucial  physiological  efficacy  and
pharmacokinetic characteristics suitable for therapeutic
purposes, Swiss ADME prediction was employed to
evaluate parameters including iLOGP (Log Po/w),
number of rotatable bonds, molecular weight, gastric
absorption, hydrogen bond acceptors and donors,
topological polar surface area (TPSA). Additionally, the
PreADME-T server was utilized to assess inhibitory
potential of screened compounds on cytochrome P450
enzymes, carcinogenicity and the plasma protein

Results and Discussion
Choosing and preparing protein

The crystal structure of the "Polo-like-kinasel
domain complexed with Compound 557" (PDB:
3DBE) at a resolution of 3.32A was utilized,
obtained from the Protein Data Bank website®®. After
adding atoms and missing residues, hydrogen atoms
were incorporated and water molecules were
removed. The protein structure was subjected to a
reduction process employing 500 steps of the
conjugate gradient technique to ensure compatibility
for docking. Various validation methods were
conducted to assess the model's quality, as detailed
in (Table 1 and Fig. 2). Ramachandran analysis
revealed no Amino acid residues in the outlier
region, with 92.1% of Amino acid residues in the
favored zone, 7.5% in the additionally allowed zone,
and 0% in the outlier zone’. ProSA evaluation
yielded a Z-score of -7.9, indicating a good match to
NMR structural data®®. Figure 2 displays results from
the Ramachandran plot™*°, ERRAT plot, and ProSA
score. ERRAT plot depicts an error function of a 9-
residue sliding window, assessing non-bonded
interactions between specific atom types. The
model's ability to meet criteria satisfactorily signifies
its accuracy in representing the protein.

Database screening and ligand preparation

During structure-based virtual screening, 5f-203
served as the reference compound, resulting in the
identification of 1144 molecules*'. These molecules
were downloaded from the database in SDF format
and converted to Mol2 format. Energy
minimization was then performed using the Open
Babel program through the Pyrx (Python
Prescription ~ Virtual ~ Screening)  module**.
Subsequently, the Raccoon program was employed
to filter out compounds not compliant with the

Table 1 — Assessment of constructed protein model

Programs/ Parameters Results

PROCHECK (Ramachandran Plot)

Amino acid residues within the most
preferred region

84.1% (207)

Amino acid residues within the regions of
additional permissibility

13.8% (34)

Amino acid residues within the expansively 2.0% (5)
permissible regions

Amino acid residues within the restricted or 0% (0)
prohibited regions

ERRAT (Overall quality factor) 95.367%
ProSA (Z score) -7.9
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Fig. 2 — Validation Parameters (A) Ramachandran plot of Protein; (B) Z-score plot from ProSA —web of Protein; and (C) ERRAT plot

of Protein

Lipinski rule of 5,
compounds to 1031*.

reducing the number of

Generation of grid and molecular docking

A three-dimensional grid was built surrounding
interacting residues, covering a distance of SA.
These residues include Leull6, Vall00, Glull7,
Cysl19, 1le118, Ala66, Leull16, Argl20, and Cys53.
Compound 557 is a 2-amino-pyrazolopyridine
derivative, was co-crystallized with the protein.
After docking, the co-crystallized ligand was
superimposed, resulting in an RMSD of less than 1
(Fig. S2 in supplementary materials). Subsequently,
5f-203 was docked onto the same grid box with a
binding energy of -6.71 kcal/mol. This grid-based
approach produced reliable results consistent with
the interactions observed for the co-crystallized
ligand before docking (Fig. 3). The docking
analysis revealed a typical hydrogen bond
formation between the -NH, group and Argl20
of compound 5f-203. Additionally, pi-alkyl
interactions were observed with the amino acid
residues Ala66, Argl22, and Ilel118. Similar grid

dimensions were utilized for docking both screened
and newly designed molecules.

Molecular docking-based screening revealed a
range of compound binding energies, with a mean of
-6.71 kcal/mol. Among the top 10 hits, P1 exhibited
the highest docking score (-8.82 kcal/mol) at the
protein's active site, while P10 displayed the lowest
score (-7.73 kcal/mol; see Table 2). P1 demonstrated
hydrogen bonding interactions with Arg43 and
Cys119, along with pi-sigma bonds with Leu45.
Additionally, pi-alkyl interactions occurred with
Vall00, Phel69, and Leull6. A pi-sulfur bond was
established with Cys53 and Cys11. Similar interaction
patterns were observed for other compounds within
the top 10 hits. For example, P2 formed a hydrogen
bond with Arg43 and Cys119, as well as pi-sigma
bonds with Leu45. P3 exhibited pi-alkyl interactions
with Ala66, Argl22, and other residues, while P4
engaged in hydrogen bonding with Cys119 and
Argd3, along with pi-sigma bonds with Leu45. These
interactions continued with slight variations across
P5-P10. Notably, P7 formed hydrogen bonds with
Cys119 and Arg43, and exhibited pi-alkyl interactions
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Fig. 3 — 2D interaction of Drug 5{-203 and Compound 557 in binding pocket of 3DBE protein

Table 2 — Identified compounds and standard drug (5{-203)
docking score

C. No. PubChem ID Score in (Kcal/mol)
Pl 10779701 -8.82
P2 10946124 -8.68
P3 153949097 -8.61
P4 15880521 -8.47
P5 137735789 -8.36
P6 15880522 -8.28
P7 10566560 -7.92
P8 10589414 -7.86
P9 159531422 -1.77
P10 10542666 -7.73

5f-203 - -6.71

with Ala66 and Argl20. Additionally, P9 formed
hydrogen bonds with Glul26, pi-sigma bonds with
Leud45 and Argl20, and engaged in alkyl and
pi-alkyl interactions with Leul25 and Phel69.
Meanwhile, P10 displayed hydrogen bonds with
Cys119 and Arg43, along with interactions with
Glull17 and Ile118. Overall, these findings are
summarized in (Table 2), while (Fig. 4) provides an
overview of the molecular interactions of the top
10 hit molecules.

ADMET prediction and Lipinski’s rule of 5
The assessment of Lipinski's rule of drug-likeness
was conducted using the Swiss ADME prediction tool

(http://www.swissdme.ch/). Additionally, the
PreADMET server facilitated the prediction of
ADMET attributes. Bioavailability, influenced by
absorption location, was among the ADMET
features evaluated. All compounds demonstrated
inhibition of CYP1A2 and CYP2C19 enzymes.
The toxicity profile of the compounds was
established using two years' worth of data from the
National Toxicology Program and the US Food and
Drug Administration, focusing on mouse and rat
exposure. Carcinogenicity studies in mice and
rats revealed that compound P5 and P9 exhibited
carcinogenic properties in mice, while the remaining
compounds were non-carcinogenic in both mice and
rats (see Table 3). Ease of synthesis was assessed,
with a score less than 4.5 indicating favorable
synthesis conditions.

A comprehensive overview of docking studies and new
compound design

Based on the docking analysis of the screened
compounds, crucial interactions were identified.
Weak pi-alkyl bonds were observed at the second
position of the benzothiazole ring, while hydrogen
bonds were detected with various substitutions around
the nitrogen atom. Leveraging this insight, six novel
molecules were designed and subsequently docked
with the same protein, resulting in docking scores of
approximately -8 kcal/mol for all compounds (refer to
Table 4).
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Fig. 4 — Docking 2D interactions of hit-molecules in active site

Table 3 — Top ten hit-molecules ADME-T and molecular pharmacokinetic and analysis from SwissADME and pre ADMET server

C. No.

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

MW iLogP HA HD NRB TPSA CYP2 CYPIA2
(gmol™) A €19 Inhibition
Inhibition
2883 268 4 0 2 8695 Yes  Yes
2883 269 4 0 2 8695 Yes  Yes
31844 354 2 0 1 5349  Yes  Yes
2883 269 4 0 2 8695 Yes  Yes
32045 37 1 0 1 4437  Yes  Yes
30629 269 5 0 2 8695 Yes  Yes
30629 266 5 0 2 8695 Yes  Yes
2883 266 4 0 2 8695 Yes  Yes
34846 374 3 1 2 8275 Yes  Yes
30629 266 5 0 2 8695 Yes  Yes

CYP GI
3A4  absorption
Inhibition
No High
No High
Yes High
No High
No High
No High
No High
No High
Yes High
No High

Plasma Synthetic Carcinogenicity
Protein  Accessibility MOUSE RAT
Binding (%)

90.91 2.74 - -
91.07 2.79 - -
94.19 3.81 - -
92.00 2.7 - -
99.36 3.46 + -
91.94 2.83 - -
91.26 2.8 - -
91.22 2.76 - -
80.69 4.21 + -
92.12 2.85 - -

C.no.: Compound identification number; GI: Gastrointestinal Absorption; Plasma Protein Binding: Strongly Bound > 90% and Weekly
bound < 90%, HD < 5, iLOGP< 5, HA < 10; Carcinogenicity:-: non-carcinogenic.+: carcinogenic (Lipophilicity) : -0.7< XLOGP3< +

5.0; MW: 150 g/mol< MV< 500 g/mol
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Table 4 — Docking score of designed compounds

Docking studies showed similar results (see Fig. 5).
Furthermore, considering ease of synthesis, the

C. No. S in (Kcal/mol . S

° core in (Kcal/imol) synthetic accessibility score for these molecules
N1 -8.48 .
N2 795 was determined to be less than 4.5 (see Table 5).
N3 838 Pharmacokinetic ~ assessments  indicated  high
N4 -7.94 gastrointestinal absorption for all compounds. Figures
N5 -8.41 6-8 illustrates the 2D structures of the designed
N6 -7.99 molecules.

Table 5 — Physico-chemical Parameters and ADME-T analysis of Designed compounds

Properties Factors N1 N2 N3 N4 N5 No6
Physico-chemical properties Formula Cy0H oFN,S CyoH 9FN4S CyoH oFN,S ChoH 1oFN4S CooH gsFoN,S CooH1gF,N,S
MW (g mol™) 338.44 366.46 338.44 366.46 356.43 384.45
Heavy atoms 24 26 24 26 25 27
Arom. heavy atoms 15 15 15 15 15 15
HA 2 4 2 4 3 5
HD 0 1 0 1 0 1
Molar refractivity 104.59 113.48 104.59 113.48 104.55 113.44
TPSA (A% 4437 82.75 44.37 82.75 4437 82.75
Lipophilicity log Po/w (XLOGP3) 5.13 3.89 5.13 3.89 5.23 3.99
Water solubility log S (ESOL) Insoluble  Insoluble  Insoluble  Insoluble  Insoluble Insoluble
Drug likeness Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55
Medicinal Chemistry Synthetic Accessibility 35 4.25 3.52 4.26 3.59 4.32
Carcinogenicity Mouse + + + + + +
Carcinogenicity Rat - - - - - -

Note: Abbreviations: same as Table 3 and POLAR (Polarity) 20A%< TPSA< 130 A% -6 < Log S (ESOL) <0

Substitution with -CHj
Making pi-alkyl bond with Arg 122

F
Hydrogen or Fluorine Conventional H bond formed
substitution making bond by amino acid Arg-120

with Glu 117 and Tle 118 H bond formed
by amino acid Cys119

Fig. 5 — Summary of Docking Studies

Q_ngl:ﬂ é: Hf?_N s HZN )
fi@;QQ

Fig. 6 — 2D Structures of Designed Compounds (N1-N6)
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Conclusion
The "PubChem" database was employed for

structure-based virtual screening to identify potential
chemical entities as Plkl inhibitors. Ten bioactive
compounds showed higher docking scores than the
reference ligand. Pharmacokinetic profiling indicated
that these top 10 drugs do not inhibit the CYP2D6
enzyme, and most of them are non-carcinogenic.
Utilizing the results from pharmacokinetic profiling,
drug-likeness assessment, toxicity data, and docking
studies, new compounds were designed and
evaluated for their binding affinities. These newly
designed compounds demonstrated docking scores
surpassing that of 5f-203, with synthetic accessibility
scores below 4.5. In summary, the integration of
molecular docking studies, ADMET assessments,
and considerations regarding ease of synthetic
accessibility will facilitate the design of mnovel
molecules targeting Plk1.
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