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Introduction
Pyridopyrimidines belong to the category of 
heterocyclic compounds that showcase a diverse range 
of biological and pharmacological effects. These effects 
encompass antimicrobial, antiparasitic, anticoagulant, 
anti-inflammatory, antiallergic, potassium-suppressing, 
analgesic, diuretic, anti-aggressive, antihypertensive, 

antifolate, anticonvulsant, and anticancer activities. 
Pyrido[2,3-d]pyrimidines have been documented to 
exhibit antitumor characteristics, potentially stemming 
from their ability to inhibit various enzymes implicated 
in carcinogenesis pathways. Most of the pyrido[2,3-d]
pyrimidine series demonstrated robust inhibitory activity 
against a range of kinases, especially CDK4/6.1–10

*Corresponding author: C. S. Shastry, Email: principal.ngsmips@nitte.edu.in

 © 2024 The Author(s). This work is published by BioImpacts as an open access article distributed under the terms of the 
Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/). Non-commercial uses of 
the work are permitted, provided the original work is properly cited.

ccess
PPuubblliisshh  FFrreeee

PRESS

TUOMS
BioImpacts

B
PRESS

TUOMS

BioImpacts

B

Abstract
Introduction:  Pyridopyrimidines belong 
to a class of compounds characterized by 
the presence of nitrogen as  heteroatoms. 
These compounds exhibit diverse 
biological effects, particularly showing 
promise as  anticancer agents, including 
actions that inhibit CDK4/6.  
Methods: We designed and synthesized 
a range of substituted thiazolo-
pyridopyrimidines (4a-p).  Computational 
ADME/T analysis and molecular docking 
were performed using the crystal  structure of CDK4/6. Subsequently, we synthesized the top-
scoring compounds, characterized  them using IR, NMR, and Mass spectroscopy, and assessed 
their impact on MCF-7 and  MDAMB-231 cell lines using the SRB assay. To further evaluate 
stability, molecular dynamics  simulations were conducted for the two most promising compounds 
within the binding site.  
Results: The docking scores indicated stronger interactions for compounds 4a, 4c, 4d, and 4g. As 
 a result, these specific compounds (4a, 4c, 4d, and 4g) were chosen for synthesis and subsequent 
 screening to assess their cytotoxic effects. Remarkably, compounds 4c and 4a exhibited the most 
 promising activity in terms of their IC50 values across both tested cell lines. Furthermore,  molecular 
dynamics simulation studies uncovered an elevated level of stability within the 4c-  6OQO complex. 
Conclusion: By integrating insights from computational, in vitro, and molecular  dynamics 
simulation findings, compound 4c emerges as a leading candidate for future  investigations. 
The presence of a polar hydroxyl group at the C2 position of the 8-phenyl  substitution on the 
pyridopyrimidine rings appears to contribute to the heightened activity of the  compound. Further 
enhancements to cytotoxic potential could be achieved through structural  refinements. 
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and S (DNA synthesis) phases as shown in Fig. 1. Cyclin 
D-CDK4/6-INK4-Rb pathway is typically dysregulated 
in most of the cancer including breast cancer, and it 
contribute in cell cycle progression and proliferation. 
The shift from G1 to S phase by interacting with D-type 
cyclins and status of Rb phosphorylation is regulated by 
CDK4/6. Rb binds to E2 family (E2F) transcription factors 
and inhibits their function while unphosphorylated; when 
phosphorylated, Rb gets dissociate from transcription 
factors of E2F allowing them to engage in DNA replication 
and cell division. Increased expression of D-type cyclins, 
amplification or mutation of CDK4/6, or loss of negative 
regulators of cyclinD-CDK4/6 like p16INK4A can all lead 
to increased action of cyclinD-CDK4/6, which enhances 
Rb phosphorylation and eventually proliferation of breast 
cancer cells. The coordinated role of cyclin D and CDK4/6 
in cell cycle regulation has made this axis an appealing 
target for therapeutic strategies. In this context, the 
discovery of CDK4/6 inhibitors stands out as particularly 
significant. These inhibitors have been remarkably 
intriguing due to their ability to exploit the vulnerability 
of cancer cells while also preserving a manageable level of 
toxicity. 17, 18

FDA granted the first CDK4/6 inhibitor i.e., Palbociclib 
(Fig. 2) which is a pyridopyrimidine derivative mainly 
to increase progression-free survival rate in patients 
with breast cancer when used along with fulvestrant or 
letrozole. Most of the pyrido[2,3-d] pyrimidine series 
demonstrated robust inhibitory activity against a range of 
kinases, especially CDK4/6. The Cyclin D-CDK4/6-INK4-
Rb pathway dysregulation is common in breast cancer. 
Targeting this pathway holds promise for breast cancer 
treatment. Furthermore, existing literature substantiates 
the potential of CDK4/6 inhibition using diverse 
pyridopyrimidines. Hence, we wanted to investigate the 
interaction of our designed pyridopyrimidine compounds 
with CDK4/6 and explore their anticancer properties.20,21

The variety of compounds synthesized based on 

Heterocyclic structures based on thiazole have 
demonstrated a broad spectrum of biological activities, 
establishing them as a prominent class of heterocycles 
widely employed in drug design and synthetic chemistry. 
The subgroup of 1,3-thiazoles is not only found in animal 
cells but also constitutes a fundamental framework in 
numerous natural products, including vitamins, alkaloids, 
and pigments. Additionally, they play a role in the structure 
of 18 clinically approved drugs sanctioned by the FDA, 
among which are two antitumor drugs—epothilone and 
tiazofurin.11

Many diseases are prevented by inhibiting many of the 
existing enzymes in living organisms. Kinases are the 
enzymes, which transfer phosphate groups to proteins, 
whereas phosphatases pull them out. In a cell, the above 
enzymes work together to regulate the activity of different 
proteins, often in response to an external stimuli/factor. 
The human genome contains approximately 538 identified 
kinases, which is responsible for maintaining the cellular 
activity by turning protein function on, whereas related 
phosphatases reverse the same.12–14

Significant gains in understanding the fundamental 
molecular mechanisms regulating cancer cell signalling 
have revealed that kinases play an important role in cancer 
carcinogenesis and metastasis including breast cancer.15,16 
The cell cycle consists of G0/G1, S, G2, and M phases. G1 
and G2 are key checkpoints regulated by cyclins and CDKs. 
Cyclins D1, D2, and D3 activate CDK4/6 in mid-G1. They 
phosphorylate and inactivate pRb, releasing E2F factors. 
This allows transcription of CDK2, E-cyclins, promoting 
S phase entry. D-type cyclin transcription and CDK4/6 
activity link signaling pathways to cell cycle initiation. 
This pathway is often disrupted in cancers like breast 
cancer, where CDK4/6 drive proliferation in HR-positive 
breast cancer. The CDK (cyclin D-cyclin-dependent 
kinase) 4/6 i.e., CDK4/6 (INK4)-retinoblastoma (Rb) 
pathway regulates cell proliferation by monitoring the cell 
cycle checkpoint between the G1 (pre-DNA synthesis) 

Fig. 1. Cell cycle and action of CDK4/6 inhibitor.19
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multiple investigations with the aim of designing and 
developing new CDK4/6 inhibitors, such as 4-thiazol-N-
(pyridine-2-yl) pyrimidin-2-amine, 7-azabenzimidazoles, 
piperidine sulfonamide derivatives and N-(pyridin-2-yl)-
4-(thiazol-5-yl) pyrimidine-2-amines.22–25

In the process of discovery and development of a 
drug molecule, computational methods are often used 
to analyze and design new drug candidates for different 
targets. In silico screening is carried out to find a hit 
compounds sequence from a database using a precise 
and organized process which performs a vital function 
in boosting the drug development efficiency. Combining 
structure-based and ligand-based techniques will almost 
certainly improve screening success.26,27 

Drawing inspiration from the structural and 
pharmacological characteristics of the prior pyrido[2,3-d]
pyrimidines and thiazoles, our objective was to synthesize 
a fresh series of pyrido[2,3-d]pyrimidinone derivatives 
integrated with a thiazole ring. This endeavor was 
undertaken with the goal of obtaining a compound 
of greater potency by mainly targeting CDK4/6. This 
study encompasses an initial screening of compounds 
using computational tools to assess their in silico ADME 
properties. Subsequently, molecular docking techniques 
were employed to identify potential novel compounds 
with CDK4/6 inhibitory potential. Compounds with the 
highest scores were selected for synthesis, characterization, 
and evaluation against breast cancer cell lines through 
in vitro cytotoxicity tests such as the SRB assay. To gain 
insights into the stability of proteins and ligand-protein 

complexes, molecular dynamics (MD) simulation 
studies were conducted on the two most promising 
compounds.28,29 The workflow's schematic representation 
is depicted in Fig. 3.

Methods
Designing of compounds
Lipinski’s rule of 5 determination for 4a-p
Lipinski's "Rule of 5" is a thumb rule for determining a 
chemical compound's drug likeness. It defines whether a 
compound has the chemical and physical properties that 
might render it a potentially effective drug in humans 
which is active orally. It states that majority of "drug-
like" molecules have molecular weight <= 500, logP<= 
5, number of hydrogen bond donors <= 5 and number 
of hydrogen bond acceptors <= 10. Bioavailability issues 
could be seen if compounds violate more than one of 
these rules.30 Molinspiration, a free online tool, is used to 
determine it.

Determination of physicochemical characteristics of 4a-p
Molecular polar surface Area tPSA
Properties of drug transport are explained by an extremely 
helpful parameter like tPSA. PSA is defined as the sum 
of the surfaces of polar atoms in a molecule (typically 
nitrogens, oxygens and attached hydrogens). tPSA has 
showed strong correlation with blood-brain barrier 
penetration, Caco-2 monolayer permeability and human 
intestinal absorption. It is determined as the sum of 
contributions of each fragment. O and N centered polar 
fragments are taken into consideration. PSA has been 
shown to be a highly accurate predictor of bioavailability, 
drug absorption including intestinal absorption, blood-
brain barrier penetration and Caco-2 permeability.31

Number of rotatable bonds –nrotb
Molecular flexibility is quantified by the presence of 
number of rotatable bonds which is a simple and clear 
topological parameter. It has been demonstrated to be an 
excellent predictor of drug oral bioavailability. According 
to Veber's rule, as the number of rotatable bonds decreased 

Fig. 2. Structure of palbociclib.

Fig. 3. Schematic representation of workflow.
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(10 or fewer), we can see the greater oral bioavailability. 31

Determination of ADME properties of 4a-p
The in silico ADME properties were evaluated by Qikprop 
(Schrodinger 2018-3 suite device Maestro 11.7.012).32,33 
QPPCaco
Caco-2 cell apparent permeability was predicted in 
nanometers per second. Caco-2 cells are used to simulate 
the blood-gut barrier. The results obtained by QikProp are 
for passive transportation.
QPlogB
The brain/blood partition coefficient has been predicted.
QPPMDCK 
Permeability of MDCK cells predicted in nanometers per 
second. MDCK cells are thought to be an excellent blood-
brain barrier mimic. The predictions made by QikProp 
are for passive transportation.32,33 
QPlogKp
Skin permeability predicted, log Kp.
QPlogKhsa
Prediction of binding to human serum albumin.
Human oral absorption 
Qualitative human oral absorption predicted: 1, 2, or 
3 for low, medium, or high. The evaluation employs a 
set of knowledge-based rules that include checking for 
appropriate values of percent human oral absorption.

Evaluation of toxicity of 4a-p
The free online tool admetSAR was used to evaluate in 
silico toxicity parameters.34 

Molecular docking studies of 4a-p
The crystal structures of CDK4 (PDB ID: 2W96) and 
CDK6 (PDB ID: 6OQO) from the RCSB PDB were used 
for molecular docking studies. 2W96 is a CDK4 crystal 
structure with no native ligand (Resolution 2.30), and 
6OQO is a CDK4 crystal structure with an active ligand 
(Resolution 1.98). All ligands and selected proteins were 
prepared using the Schrodinger 2018-3 suite device 
Maestro 11.7.012's ligprep and protein preparation wizard, 
respectively. Grid box was created by generating receptor 
grids. The same software was used for extra precision 
molecular docking.35-37

MM-GBSA free energy calculation
Estimation of binding energy of complex formed by 
the ligand and receptor using Molecular Mechanics-
Generalised Born Surface Area (MM-GBSA) method 
developed by Miller and colleagues. Calculation of 
binding energy from MD simulation trajectories using the 
following formula:

∆Gbinding = RT ln Ki= Gcomplex- (Greceptor+Gligand) 

The following is how the energy term is calculated:
G= Eele + Evdw + ESA+ EGB 

The Electrostatic, Vander Waals, Surface area and 
Seneral Born solvation energies are denoted by Eele, Evdw, 
ESA and EGB respectively.38 

Synthesis of substituted thiazolo-pyridopyrimidines
Synthesis of hydrazinyl pyridpyrimidines (3a-p)
In 20 mL of dry DMF, 6-amino-2,3-dihydro-2-
thioxopyrimidin-4(1H)-one (0.01 mol) and α, β- 
unsaturated ketones (0.01 mol) were refluxed for 12-15 
hours (completion of reaction was ensured by TLC). 
Once the reaction was completed, it was added to crushed 
ice. Filtered, washed with water and dried. Synthesized 
compounds were purified by recrystallization using 
DMF.39

Synthesis of thiazolo-pyridopyrimidines (4a-p)
Ten mmol of 2-thioxo derivatives (3a-p) was mixed with 
10 mmol of chloroacetic acid and 20 mmol of sodium 
acetate in 20ml of glacial acetic acid. For 2-4 hours, the 
mixture was gently heated with stirring on a water bath 
(60 °C). After completion of the reaction, flask containing 
reaction mixture was cooled to room temperature and 
added to the beaker containing crushed ice, stirred well 
and resultant precipitate was filtered, washed and purified 
(Fig. 4).40

In vitro anticancer studies
Semi-automated in vitro assays using sulforhodamine-B 
were used to determine the cytotoxicity of the synthesized 
compounds. The human breast cancer cell lines (MCF-7 
and MDAMB-231) have been grown in culture flasks at 
37 °C in RPMI-1640 medium which is a complete growth 
medium with 2 mM glutamine, pH 7.4, with added 
10% foetal bovine serum, streptomycin (100 g/mL), 
and penicillin (100 units/mL) in an incubator with 5% 
carbon dioxide and temperature maintained at 37 oC at 
90% relative humidity. Flasks at the subconfluent growth 
stage were chosen, and cells were recovered using trypsin-
EDTA. Cytotoxicity was evaluated using cells with more 
than 98% viability as found by trypan blue exclusion assay. 
A haemocytometer was used to count the number of cells 
per millilitre of suspension.41,42 

SRB assay 
Sulforhodamine B (SRB) assay is used to evaluate 
the antineoplastic properties of test compoundThis 
method is based on SRB's ability to attach to proteins 
stoichiometrically under slight acidic environment which 
can be then extracted in basic conditions; As a result, the 
quantity of bound dye is useful as an indicator for cell 
population, from which cell growth can be extrapolated. 
A haemocytometer was used to determine the number 
of cells per millilitre of suspension. The cell count was 
set to 10 000 cells per 100 μL. Each well of 96-well plates 
are placed with 100 μL of cell suspension. For 24 hours, 
the plates were left to incubate at 37 °C in a 5% CO2 
atmosphere. Following that, 100 μL of test compounds 
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at various concentrations was added to each of the wells 
containing cells.43,44 

The plates were kept for incubation at 37 °C in 5% CO2 
for 24 hours. To each well of 96 well plates 30 μL of chilled 
30% TCA was added, and in order to fix the cells attached 
to the bottom of the wells plates were kept at 4°C for 1 hour 
incubation. After that, wells were washed with distilled 
water and air dried. 100 μL of SRB dye (0.4% w/v in 1% 
acetic acid) was added to each well and kept it at room 
temperature for 1h at dark. Thereafter, SRB was removed 
and wells were washed using 1% acetic acid and air dried. 
Further, each well was treated with 100 μL of Tris buffer 
(10 mM; pH 10.5) and kept for incubation for 30 min at 
room temperature. By using a microplate reader optical 
density (OD) of the plate wells was recorded at 540 nm to 
measure the OD of protein bound dye.45

The following formula is employed to calculate the 

percentage inhibition/ cytotoxicity

% cell cytotoxicity= Control OD- Sample OD/ Control OD 
*100

The concentration which can kill 50% of the cells (IC50) 
was determined using a plot of percentage cytotoxicity 
against concentration of sample.

Molecular dynamics (MD) simulations
This method is mainly based on the particle motion and 
distribution, and also on the dynamical response of the 
system, which is estimated using statistical mechanics 
and Newton's motion equations. Specific behavior of the 
macromolecules can be evaluated by this method in under 
various conditions.10 

In MD simulation studies, the best configuration of 

 
 

 

 

 

 

Fig. 4. Schematic representation of route of synthesis of target thiazolo pyridopyrimidines.
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the ligand-protein complexes obtained from molecular 
docking were used in order to investigate the stability, 
compactness and fluctuations of the protein-ligand 
complexes as demonstrated by molecular docking studies. 
For minimization and position restraint, each protein-
ligand complex was embedded in an orthorhombic box 
using an aqueous model with a simple point charge (SPC) 
and an OPLS3e force field. A suitable number of counter-
ions (Na+/Cl-) was added to neutralize the complexes. The 
simulation duration was set to 100 ns for each complex in 
the Normal pressure and temperature (NPT) ensemble.46,47 

Results and Discussion
Based on the estimated values, the conclusion drawn 
was that the majority of the compounds conform to all 
five characteristics outlined in Lipinski's rule of five, as 
detailed in Table 1. The primary factors of significance 
are the molecular weight and log P, which exhibit a 
close association with passive intestinal absorption. The 
compounds' molecular weights were below 500 Daltons, 
and their Log P values ranged from 3.05 to 4.99, indicating 
that the majority of the compounds, with the exception 
of 4b and 4j (which recorded values of 5.49 and 5.08, 
respectively), are likely to exhibit favorable intestinal 
absorption and enhanced permeability across cell 
membranes. The consideration of absorption, distribution, 
metabolism, and excretion (ADME) characteristics 
is crucial, as lipophilicity predominantly determines 
the capacity to traverse critical biological barriers and 
membranes. Notably, substances with high lipophilicity 
often display poor solubility, affecting their bioavailability, 
or can accumulate in adipose tissues, potentially hindering 
excretion and thereby influencing systemic substance 
toxicity. A pivotal parameter indicating oral bioavailability 
is the total count of hydrogen bond donors and acceptors. 
The findings revealed that all screened compounds 

adhered to the permissible range of 5 hydrogen bond 
donors and 10 acceptors. The computed parameters of the 
tested compounds are in line with established standards.

tPSA serves as a robust descriptor for factors 
encompassing bioavailability, BBB penetration, drug 
absorption, and Caco-2 permeability. Additionally, the 
propensity for hydrogen bonding can also be correlated 
with tPSA. The investigation revealed that the tPSA 
values spanned from 64.86 to 110.68 across all examined 
compounds, falling within the allowable limit of 140Å. 
The calculated values for all tested compounds align 
with established standards. Evaluation of the number of 
rotatable bonds within the screened compounds indicated 
a range of 2 to 4, rendering them moderately flexible 
compared to the reference standard, palbociclib, which 
features 5 rotatable bonds. 

The estimated apparent Caco-2 cell permeability 
exhibited a spectrum ranging from excellent to satisfactory 
among the compounds. Notably, compounds 4b, 4e, 4i, 4j, 
4k, and 4n displayed a likelihood of superior intestinal 
permeability compared to the standard. The remaining 
molecules were predicted to possess intestinal permeability 
equivalent to the reference standard. Forecasts for 
brain/blood partition coefficient values of all evaluated 
compounds adhered to the recommended range. With 
the exception of 4b and 4j, the majority of compounds 
demonstrated comparability to the standard. A substantial 
proportion of the tested compounds are anticipated to 
exhibit outstanding permeability across MDCK cells, 
suggesting their potential to accurately mimic BBB 
permeability. Notably, 4b, 4e, 4i, 4j, and 4k outperformed 
the standard drug in terms of BBB permeability. Forecasts 
regarding skin permeability and anticipated protein 
binding to human serum albumin indicated favorable 
outcomes, with values closely resembling those of the 
standard palbociclib. Most derivatives were projected 

Table 1.  In-silico evaluation of Lipinski’s rule of 5 and physicochemical characteristics of 4a-p

Compound Mol. Wt Log P nON nOHNH nviolation tPSA (<1402 Ǻ) nrotb (<10)
4a 393.434 3.73 6 1 0 85.09 2
4b 446.325 5.49 5 0 1 64.86 2
4c 393.434 3.94 6 1 0 85.09 2
4d 409.434 3.44 7 2 0 105.32 2
4e 456.331 4.99 5 0 0 64.86 2
4f 393.434 3.71 6 1 0 85.09 2
4g 409.434 3.67 7 2 0 105.32 2
4h 455.52 3.05 7 0 0 99.00 3
4i 391.462 4.66 5 0 0 64.86 2
4j 445.433 5.08 5 0 1 64.86 3
4k 395.425 4.37 5 0 0 64.86 2
4l 422.432 4.17 8 0 0 110.68 3
4m 392.449 3.28 6 2 0 90.88 2
4n 437.487 4.25 7 0 0 83.33 4
4o 392.449 3.26 6 2 0 90.88 2
4p 422.432 4.14 8 0 0 110.68 3
Palbociclib 447.4 2.96 9 2 0 105.04 5
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to share a heightened oral absorption profile akin to the 
standard palbociclib in terms of human oral absorption. 
However, compounds 4b, 4e, and 4j are anticipated to 
exhibit low oral absorption. These findings are succinctly 
summarized in Table 2.

The Ames toxicity assessment serves the purpose of 
determining the mutagenic potential of a compound. 
This widely utilized technique helps evaluate whether a 
given compound can trigger DNA mutations in bacteria. 
Compounds 4l and 4p have exhibited Ames toxicity, with 
a probability of 79.58%, which might be attributed to the 
presence of the -NO2 group. The remaining compounds, 
along with the standard samples, demonstrated non-
toxicity in the Ames test with nearly equivalent 
probabilities. The assessed compounds are predicted to 
be non-carcinogenic with a higher probability, aligning 
their values with those of standard drugs. In the domain 
of in silico acute oral toxicity assessment, all tested 
compounds fall within category III, indicating favorable 
LD50 values exceeding 500 mg and 5000 mg, comparable 
to the standard drug. The toxicity profiles for rats and fish 
mirror those of the standard palbociclib. A consolidated 
summary of the in silico toxicity screening results for the 
compounds is provided in Table 3.

Molecular docking investigations were conducted 
by subjecting compounds to docking against the 
respective crystal structures of CDK4 (2W96) and CDK6 
(6OQO), yielding favorable outcomes for the majority of 
compounds in comparison to the standard. The docking 
scores, provided in Table 4, indicated that compounds 4a, 
4c, 4d, and 4g are poised to exhibit superior interactions 
with both CDKs, marking them as potential hit molecules 

for subsequent assessment. The interaction pattern of 4a 
with 2W96 was illustrated in Fig. 5, revealing that the 
nitrogen atom of the pyrimidine ring (N1) engaged in 
hydrogen bonding with LYS35, the ketone moiety at C3 
of the thiazole ring established a hydrogen bond with 
VAL96, and the 4-OH group of the phenyl ring located on 
C8 of the pyridopyrimidine ring formed a hydrogen bond 
with LYS142. Fig. 6 showcased the interaction of 4c with 
2W96, where the ketone group at C4 and the thiophene 
ring at C6 of the pyridopyrimidine ring participated in 
hydrogen bonding with LYS35 and engaged in a pi-cation 
interaction, respectively. Furthermore, the 2-OH group of 
the phenyl ring situated at C8 of the pyridopyrimidine ring 
formed a hydrogen bond with ILE12. Interaction of 4c 
with 6OQO was depicted in Fig. 7, revealing the hydrogen 
bonding between the ketone group at C3 of the thiazole 
ring and LYS43, while the 2-OH group of the phenyl ring 
at C8 of the pyridopyrimidine ring established a hydrogen 
bond with a water molecule, forming a water bridge. Fig. 8 
demonstrated the interaction of 4g with 6OQO, indicating 
a water-bridged hydrogen bonding between THR107 and 
the 2-OH group of the phenyl ring located at C8 of the 
pyridopyrimidine ring. 

The compounds with the highest docking scores 
underwent subsequent synthesis, followed by 
determination of their IC50 values in breast cancer cell 
lines through cytotoxicity studies such as the SRB assay.

The initial step involved the synthesis of the first 
intermediate pyridopyrimidines (3a, 3c, 3d, 3g) by 
subjecting α, β-unsaturated ketones to reflux with 
6-amino-2,3-dihydro-2-thioxopyrimidin-4(1H)-one for a 
duration of 12-15 hours in 20 ml of anhydrous DMF. The 

Table 2. In-silico evaluation of ADME characteristics of 4a-p

Compound QPPCaco (nm/sec) QPlogBB QPPMDCK QPlogKp QPlogKhsa Human oral absorption

Range <25 poor, >500 great –3.0 – 1.2 <25 poor,
>500 great –8.0 – –1.0 –1.5 – 1.5 1, 2 or 3 for low, 

medium, or high

4a 306.129 -0.926 437.827 -3.119 0.401 3
4b 958.793 -0.064 6764.376 -2.391 0.609 1

4c 412.448 -0.78 606.289 -2.828 0.399 3

4d 124.777 -1.41 166.788 -3.89 0.262 3

4e 1016.265 -0.143 4257.021 -2.222 0.522 1

4f 308.05 -0.924 441.752 -3.112 0.401 3

4g 147.145 -1.335 198.543 -3.72 0.268 3

4h 177.849 -1.269 247.333 -3.698 -0.259 3

4i 1024.083 -0.33 1618.162 -2.243 0.542 3

4j 1004.925 -0.069 6958.059 -2.294 0.656 1

4k 995.954 -0.206 2851.856 -2.208 0.415 3

4l 124.812 -1.375 166.722 -3.936 0.264 3

4m 258.642 -1.009 366.835 -3.276 0.369 3

4n 910.204 -0.559 1431.028 -2.309 0.354 3

4o 260.907 -1.004 370.641 -3.269 0.368 3

4p 118.18 -1.41 157.635 -3.983 0.271 3
Palbociclib 178.394 -0.554 84.93 -4.93 0.148 3
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reaction completion was verified via TLC. Subsequently, 
these intermediate pyridopyrimidines (3a, 3c, 3d, 3g) were 
mixed with 10 mmol of chloroacetic acid and 20 mmol 
of sodium acetate in an acidic medium, employing glacial 
acetic acid as the solvent. The mixture was then subjected 
to reflux with stirring for 2-4 hours, leading to the 
synthesis of thiazolo pyridopyrimidines (4a, 4c, 4d, and 
4g). The physicochemical attributes of the synthesized 
compounds are detailed in Table S1 (See Supplementary 
file 1). Characterization of all four synthesized compounds 
encompassed IR, NMR, and mass spectral analyses. The 
IR spectra of the compounds displayed discernible peaks 

corresponding to the various functional groups inherent 
in each compound. Notably, significant peaks were 
observed for the hydroxyl group on the phenyl ring at 
C8 of the pyridopyrimidine ring, the two distinct ketone 
peaks at C3 of the thiazole ring and C4 of the pyrimidine 
ring, as well as prominent features denoting C=C, C=N, 
C-N, and C-S-C bonds. In the NMR spectra, a singlet was 
noted for the hydrogen at C6 of the pyridine ring, while 
multiplets appeared for the four hydrogen atoms present 
in the aromatic rings at C8 of the pyridopyrimidine ring. 
The thiophene ring at C6 of the pyridopyrimidine ring 
exhibited two doublets and a triplet corresponding to the 

Table 3. In-silico evaluation of toxicity of 4a-p

Compound 
code

AMES toxicity Carcinogenicity Acute oral toxicity Rat acute toxicity LD50
mol/kg

Fish toxicity pLC50 
mg/LResult Probability Result Probability Result Probability

4a - 0.6451 - 0.8129 III 0.5733 2.2704 1.4532

4b - 0.6433 - 0.8190 III 0.6085 2.2446 1.3431

4c - 0.6828 - 0.8021 III 0.5584 2.2795 1.4100

4d - 0.7270 - 0.8003 III 0.5641 2.2473 1.3885

4e - 0.6227 - 0.8545 III 0.5942 2.3101 1.4166

4f - 0.6451 - 0.8129 III 0.5733 2.2473 1.3885

4g - 0.7270 - 0.8003 III 0.5641 2.4071 1.8511

4h - 0.6372 - 0.6313 III 0.6164 2.2447 1.6136

4i - 0.6268 - 0.8709 III 0.5114 2.4642 1.4286

4j - 0.5798 - 0.8339 III 0.5573 2.3738 1.3983

4k - 0.6031 - 0.8454 III 0.5876 2.3894 1.3929

4l + 0.7958 - 0.7239 III 0.6410 2.2786 1.6183

4m - 0.5091 - 0.8605 III 0.5655 2.2786 1.6183

4n - 0.6680 - 0.8360 III 0.5965 2.2786 1.6183

4o - 0.5091 - 0.8605 III 0.5655 2.2786 1.6183

4p + 0.7958 - 0.7239 III 0.6410 2.3894 1.3929

Palbociclib - 0.6543 - 0.8632 III 0.6438 2.390 1.5620

Table 4. Molecular docking studies of 4a-p

Compound
2W96 6OQO

Docking score MMGBSA energy Docking score MMGBSA energy
4a -7.711 -76.21 -6.765 -69.53
4b -3.512 -66.31 -4.484 -63.98
4c -6.461 -62.43 -7.137 -60.36
4d -6.247 -64.99 -6.747 -68.89
4e -6.424 -76.82 -5.112 -58.28
4f -6.356 -66.74 -5.029 -73.35
4g -6.383 -64.12 -6.838 -62.32
4h -5.003 -38.52 --6.527 -58.47
4i -3.971 -63.22 -4.186 -71.8
4j -4.959 -74.91 -5.174 -61.74
4k -5.597 -59.29 -5.528 -57.02
4l -3.113 -73.2 -5.792 -69.96
4m -4.293 -60.08 -6.5 -71.18
4n -6.295 -75.76 -5.914 -68.04
4o -5.87 -81.82 -6.373 -72.83
4p -3.896 -67.11 -4.651 -72.15
Palbociclib -5.685 -59.91 -8.076 -73.28
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hydrogen at C3, C5, and C4 positions of the thiophene ring. 
A peak indicative of the CH2 group of the thiazole ring 
was also observed. The hydroxyl group at C4 of the phenyl 
ring yielded a singlet. The mass spectra of the compounds 
exhibited a molecular ion peak.

Characterization of synthesized compounds (4a,4c,4d 
and 4g)
8 - ( 4 - hy d r ox y p h e ny l ) - 6 - ( t h i o p h e n - 2 - y l ) - 2 H -
pyrido[2,3-d]thiazolo[3,2-a]pyrimidine-3,5-dione (4a): 
FT-IR (KBr, cm-1): 3603(-OH), 1706, 1643 (2 C=O), 

Fig. 5. Interaction of 4a with 2W96 (Image extracted from Schrödinger software) .

Fig. 6. Interaction of 4c with 2W96 (Image extracted from Schrödinger software) .

Fig. 7. Interaction of 4c with  6OQO  (Image extracted from Schrödinger software) .
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1558(C=N), 1414(C=C), 1127(C-N), 638(C-S-C). 1H 
-NMR (DMSO- d6, 400 MHz):7.622(s, 1H, C-6 pyridine), 
7.160-6.884 (m, 4H, Ar-H), 8.122 (d, 1H, thiophene H3, 
J=3 Hz), 7.757(d, 1H, thiophene H5, J=6 Hz), 7.444(t, 1H, 
thiophene H4, J=9 Hz), 4.081(s, 2H, CH2), 7.706(s, 1H, Ar-
OH). MS (m/z): 393.5371(M+ peak).

8- (2-hydroxypheny l ) -6-( t h iophen-2-y l ) -2H-
pyrido[2,3-d]thiazolo[3,2-a]pyrimidine-3,5-dione (4c): 
FT-IR (KBr, cm-1): 3577 (-OH), 1680, 1647(2 C=O), 1540 
(C=N), 1396(C=C), 1229(C-N), 648(C-S-C). 1H -NMR 
(DMSO- d6, 400 MHz): 7.629(s, 1H, C-6 pyridine), 6.961-
6.936(m, 4H, Ar-H), 7.778(d, 1H, thiophene H3, J=6 Hz), 
7.483(d, 1H, thiophene H5, J=5 Hz), 7.171(t, 1H, thiophene 
H4, J=9 Hz), 3.342(s, 2H, CH2), 7.616(s, 1H, Ar-OH). MS 
(m/z): 393.4406(M+ peak).

8-(2,4-dihydroxyphenyl)-6-(thiophen-2-yl)-2H-
pyrido[2,3-d]thiazolo[3,2-a]pyrimidine-3,5-dione (4d) : 
FT-IR (KBr, cm-1): 1736, 1623 (2 C=O), 1575(C=N), 1470 
(C=C), 1116(C-N), 614(C-S-C), 1344(-CF3). 7.923 (s, 1H, 
C-6 pyridine), 8.645-7.790 (m, 4H, Ar-H), 8.571 (d, 1H, 
thiophene H3, J=3 Hz), 7.516 (d, 1H, thiophene H5, J=6 
Hz), 7.188 (t, 1H, thiophene H4, J=9 Hz), 3.523(s, 2H, 
CH2).MS (m/z): 445.4612 (M+ peak).

8-(2,6-dihydroxyphenyl)-6-(thiophen-2-yl)-2H-
pyrido[2,3-d]thiazolo[3,2-a]pyrimidine-3,5-dione (4g): 
FT-IR (KBr, cm-1): 3694, 3608 (2 OH), 1730, 1627(2 C=O), 
1539 (C=N), 1471(C=C), 1198(C-N), 622(C-S-C). 1H 
-NMR (DMSO- d6, 400 MHz): 7.034 (s, 1H, C-6 pyridine), 
6.630-6.298 (m, 4H, Ar-H), 7.255 (d, 1H, thiophene H3, 
J=6 Hz), 6.832 (d, 1H, thiophene H5, J=5 Hz), 6.642 (t, 1H, 
thiophene H4, J=9 Hz), 3.450(s, 2H, CH2), 6.714, 6.125 (s, 
1H, Ar-OH). MS (m/z): 409.4383 (M+ peak).

The synthesized compounds were screened against breast 
cancer cell lines, namely MCF-7 and MDAMB-231, using 
the SRB assay. All four tested compounds demonstrated 
concentration-dependent inhibitory effects in both MCF-
7 and MDAMB-231 cell lines, as depicted in Figs. S1 and 
S2 (See Supplementary file 2). Among these compounds, 

4c displayed the highest activity, followed by 4a, in both 
cell lines. The IC50 values for 4c and 4a in MCF-7 were 
determined as 27.086 µM and 32.597 µM, respectively. 
Similarly, for MDAMB-231, the IC50 values were 29.133 
µM for 4c and 34.468 µM for 4a, as outlined in Tables S2 
and S3. The enhanced cytotoxic activity could potentially 
be attributed to the presence of a polar, electron-donating 
hydroxyl group at C2 (4c) and C4 (4a) of the phenyl ring 
situated at C8 of the pyridopyrimidine ring.

Hence, considering these findings, 4c and 4a emerge 
as promising lead molecules, with potential for further 
augmentation through structural modifications. The 
visually evident cell death is demonstrated in Figs. S3 and 
S3, corresponding to MCF-7 and MDAMB-231 cell lines, 
respectively. Notably, compounds 4c and 4a demonstrated 
encouraging cytotoxic effects. Due to their promising 
outcomes in both in silico and in vitro models, we opted 
to subject 4a and 4c to MD simulation with the target 
to which they displayed the highest docking score. This 
simulation aims to assess their stability within the binding 
site.

Root mean square deviation (RMSD) analysis
RMSD analysis of target proteins was conducted to assess 
the stability and dynamic characteristics of the protein 
structure by measuring its deviation from the initial shape 
and arrangement. In terms of all backbone Cα atoms, the 
protein RMSD values were 4 and 3.2 for the simulated 
4a-2W96 and 4c-6OQO protein complexes, respectively, 
when compared to their respective original structures 
over the course of each trajectory, illustrated in Figs. S5 
and S6. In the context of the simulation run, RMSD values 
within the range of 1 to 3 Å are indicative of stability, 
while higher values suggest substantial conformational 
changes in the proteins. After 35 ns, the RMSD values 
within the simulation model of 2W96 reached a stable 
state and maintained this level throughout the simulation, 
exhibiting minimal variations in conformation. This 

Fig. 8. Interaction of 4g with  6OQO  (Image extracted from Schrödinger software) .
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stability indicates that the simulated system achieved 
equilibrium. In contrast, the simulated system of 6OQO 
displayed ongoing conformational changes throughout 
the simulation period.46

Ligand RMSD analysis
The ligand's RMSD (depicted on the right-hand Y-axis in 
Figs. S5 and S6) reflects the stability of the ligand within 
the protein and its binding pocket. Significantly higher 
values compared to the protein's RMSD (on the left-hand 
Y-axis of Figs. S5 and S6) suggest that the ligand has moved 
away from its initial binding site. The RMSD value for 4a 
was recorded at 6.4 Å, while for 4c it was 3.2 Å. These 
findings indicate that ligand 4c remained stable within the 
binding pocket of 6OQO, as both the ligand and protein 
exhibited identical RMSD values. Conversely, there was a 
divergence and instability observed between ligand 4a and 
2W96, as the ligand's alignment with the protein's original 
structure led to a variation in RMSD of less than 2 Å.47,48

RMSF analysis
Root mean square fluctuation (RMSF) is useful for 
defining slight differences along the protein sequence 
and thus tracing out the flexible area in the protein 
structure. The peaks present in the plot represent the 
most fluctuating region of the protein during simulations. 
When compared to more rigid secondary structure 
elements (SSE) such as beta sheets and alpha-helices, 
residues/amino acids in loops, non-structured space, or 
protein termini (N- and C-terminal) will show greater 
fluctuation. Loops shows greater RMSF value is merely 
due to the flexibility of the residue in contrast to its 
average position.48 Figs. S7 and S7 provide an overview of 
the RMSF plots for the target proteins. The RMSF values 
for 2W96 and 6OQO were determined to be 5.4 and 4.5, 
respectively. These values suggest minimal variation in 
residues and their backbone atoms, signifying limited 
conformational deviations throughout the simulation. 
In Fig. S7, noticeable fluctuations were observed within 
the loops of residues 35-40, 75-80, 95-100, 170-180, and 
230-235 in the N and C-terminal regions of 2W96. These 
fluctuations are attributed to the inherent flexibility 
of these areas. However, our primary focus is directed 
towards the relatively modest fluctuations within segments 
52-60, 140-150, and 200-210, which contain SSE. These 
collective fluctuations contribute to the opening or closing 
of the substrate-binding groove positioned between these 
two segments. Elevated RMSF values signify potential 
communication with the binding sites. In contrast, regions 
125-135, 190-200, and 235-245 of the 2W96 protein 
exhibited the lowest RMSF values. Within 6OQO, minor 
fluctuations were observed across the range of residues 
150-250. Conversely, pronounced fluctuations were noted 
in regions encompassing residues 20-25, 35-45, 65-80, 
and 145-150. In Fig. S8, regions 110-130 and 170-180 of 
6OQO exhibited notably subdued RMSF values.

Protein-ligand contacts
Following the simulation, each complex was evaluated 
individually for the ligand interaction with each 
residues, which is based on the mean value of the 
interaction occupancies of the binding site residues.49-51 
The outcomes were presented in histogram format, as 
depicted in Figs. S9 and S10. For the 4a-2W96 complex, 
the most significant interaction occupancy was observed 
with VAL96, LYS35, and TYR17. VAL96 exhibited 
hydrogen bond interactions for approximately 75% of 
the simulation duration and consistently formed water 
bridges with the ligand throughout the simulation. These 
water bridge interactions represent hydrogen bond-
based protein-ligand interactions facilitated by a water 
molecule, characterized by slightly different hydrogen 
bond geometry compared to conventional definitions. 
LYS35 displayed robust hydrogen bond interactions 
for the entire simulation period, accompanied by 
20% hydrophobic interaction with the ligand. TYR17 
demonstrated hydrogen bond interactions for 90% of 
the simulation time. Minor interactions were observed 
with ILE12, ALA16, GLY18, VAL20, ALA33, HIS95, 
ARG101, GLU144, and LEU147. Fig. S11 illustrates the 
interaction between the ligand and the 2W96 target after 
simulation. In the 4c-6OQO complex, the most substantial 
interaction occupancy was attributed to ASP163, which 
engaged in consistent hydrogen bonding throughout 
the simulation. VAL101 and HIS100 maintained water 
bridge interactions throughout the simulation. PHE98 
demonstrated 55% hydrophobic interaction, while ILE19 
displayed 45% hydrophobic interaction along with water 
bridge interactions. Ionic and water bridge interactions 
were observed with ASP104 and ALA162 for 35% of the 
simulation duration. ALA162 engaged in hydrophobic 
interaction for around 38% of the simulation time. Minor 
interactions were noted with GLU21, TYR27, ALA41, 
GLN149, and LEU152. Interaction between 4a and the 
6OQO target after simulation is depicted in Fig. S12. 
The insights gleaned from the molecular dynamics study 
suggest that the binding of 4c-6OQO is more stable, 
positioning 4c as a promising lead molecule for further 
investigations.

Conclusion
Utilizing in silico ADME/T assessments and molecular 
docking analyses, a quartet of thiazolo pyridopyrimidines 
were deliberately chosen for synthesis, followed by their 
assessment against MCF-7 and MDAMB-231 via the SRB 
assay. Among the four compounds subjected to screening, 
4c exhibited a notably promising level of activity, while 4a 
demonstrated a comparatively satisfactory level of activity, 
as evident by their minimal IC50 values. It is plausible that the 
enhanced activity of these compounds is attributed to the 
presence of polar hydroxyl groups at C2 and C4 positions 
within the 8-phenyl substitution of the pyridopyrimidine 
rings. Nonetheless, it is conjectured that the cytotoxicity 



Shetty et al

BioImpacts. 2024;14(4):2995112

What is the current knowledge?
√ Pyridopyrimidines exhibit diverse biological effects, 
particularly showing  promise as anticancer agents, including 
actions that inhibit CDK4/6.
√ FDA granted the first CDK4/6 inhibitor i.e., palbociclib 
which is a pyridopyrimidine derivative mainly used in 
patients with breast cancer along with fulvestrant or letrozole. 

What is new here?
√ A range of novel substituted thiazolo-pyridopyrimidines 
are designed and synthesized.
√ Selected molecules are evaluated for their anticancer 
activity against breast cancer by in silico, in vitro models.
√ Most potent compounds were reported and chemistry of 
those compounds are discussed.

Research Highlights

of these compounds could be further enhanced through 
strategic structural modifications. Subsequent to these 
analyses, the selected compounds underwent molecular 
dynamics simulations, employing the crystal structure 
of CDK4/6 and the 4c/4a complex. The outcomes of the 
molecular dynamics study unveiled that the binding of 
4c-6OQO exhibited heightened stability. Accordingly, 
compound 4c emerges as a promising candidate for CDK6 
inhibition, positioning it as a potential lead molecule for 
further investigation whose mechanism of action needs to 
be confirmed by further in vitro and in vivo models.
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