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Abstract: Cancer is considered one of the most lethal diseases responsible for causing deaths worldwide. Although there have been many breakthroughs in anticancer development, cancer remains the major cause of death globally. In this regard, targeting cancer-causing enzymes is one of the efficient therapeutic strategies. Biological functions like cell cycle, transcription, metabolism, apoptosis, and other depend primarily on cyclin-dependent kinases (CDKs). These enzymes help in the replication of DNA in the normal cell cycle process, and deregulation in the functioning of any CDK can cause abnormal cell growth, which leads to cancer. This review is focused on anticancer drug discovery against cell cycle CDK enzyme using an in silico technique, i.e., molecular docking studies. Molecular docking helps in deciphering the key interactions formed within the inhibitor and the respective enzyme. This concise study provides an overview of the most current in silico research advancements made in the field of anticancer drug discovery. The findings presented in the current review article can help in understanding the nature of inhibitor-target interactions and provide information on the structural and molecular prerequisites for the inhibition of cell cycle CDKs.
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Introduction

Cancer is a lethal and complex disease that occurs due to an alteration in cellular growth. In the case of cancer disease, the cell grows abnormally. This transformation from normal to cancer cells has been the subject of a large number of research made in the field of biomedical sciences. The long-term cure for cancer is still as challenging as it was at the start of the disease (Seyfried and Shelton, 2010). According to the WHO report of 2022, in 2021, around 1.9 million new cases and 609,360 deaths were observed around the world, along with a ratio of 1 among the 6 deaths due to cancer (American Cancer Society, 2022). It is predicted that if cancer remains untreated, these numbers will rise and reach 29.5 million new cases and 16.4 million deaths in the next twenty-five years (Shah et al., 2019). Studies have revealed the fact that the most common form of cancer is breast, colon, rectum, and lung cancer. Major factors that were identified as the reason for cancer are low fiber and low nutrient intake, high tobacco use, uncontrollable alcohol consumption, and low physical activity. According to the Global Cancer Statistics-2019 presented by WHO, cancer was the leading cause of mortality till 70 years of age in 119 countries out of 183 (Siegel et al., 2019). The reflection on impetuous death is highly visible in the central magnitude of economic and social development. These figures and predictions represent the substantial burden caused by cancer globally. In absolute terms, the treatment of cancer becomes important. Considering the importance, many research groups are working in this field to eradicate cancer. Generally, the main cause of cancer is mutagens or carcinogens; however, the development of the carcinogens and replications are facilitated by cell cycles, various enzymes, and biomolecules. Among them, a class of kinase enzymes, i.e., cyclin-dependent kinase (CDKs), are responsible for causing cell duplication and enhancing the normal step of the cell cycle. In a normal cell cycle, kinase proteins combine with their specific cyclin unit to get phosphorylated by another activating kinase protein. In the cell cycle, cyclin acts as a regulatory molecule, whereas CDK acts as the catalytic collaborator. In different stages of the cell cycle, the activated CDK proteins function distinctively with their corresponding cyclin unit. In eukaryotes, the cell cycle is controlled by the CDK proteins, and dysregulation in the functioning of the CDKs causes the triggering of cancer (instigation and evolution) (Asghar et al., 2015). In this respect, various researchers are involved in designing new anticancer drugs that can target CDK enzymes specifically. Several published studies report the inhibition of CDK enzymes via experimental and computational studies (Tutone and Almerico, 2017; Marak et al., 2020; Shaikh et al., 2022). We have observed that with time, researchers are shifting towards the use of computer-aided drug-designing tools for the drug discovery process. Due to the development of high-performance computing facilities, improved algorithms, and easy accessibility of the protein 3D structure, academia and pharma sectors are using in silico studies to overcome the challenges posed by traditional drug discovery methods. In the current scenario, in silico studies have now become a crucial tool for reducing the chances of drug failure in the drug discovery process. Given the importance of computational drug design, the current work aimed to discuss the research work conducted on the CDK enzymes, which incorporate the in silico in general, and molecular docking studies in particular, along with the experimental or other computational techniques. Molecular docking is one of the most captivating tools among other in silico techniques used in the field of medicine and drug designing domain. This technique is based on the mathematical algorithms which help in deciphering the binding pose and interactions of the proposed/synthesized molecule pose within the binding cavity of the macromolecule (de Ruyck et al., 2016). Early, the rigid docking technique was implemented to study the binding pose based on the lock and key theory. This technique discards the flexibility of the protein and ligand as per induced-fit theory (Meng et al., 2011). The flexibility concept was introduced at the ligand level, and the technique was used to conduct docking for a long time. In recent years, efforts have been made to develop algorithms to deal with the flexibility of the protein (active site residues only) (Meng et al., 2011). However, protein backbone flexibility is still a challenge in the present docking algorithms (Meng et al., 2011). This was overcome by molecular dynamics simulations. Simulation calculations study the stability of the interaction formed in the solvent medium with respect to time. Hence, considering the drawback of the docking studies, these calculations are performed in combination with the experimental and/or molecular dynamics simulation. In the drug designing process, molecular docking can be used as a tool to identify the structural requirement for efficient protein-ligand binding, virtual screening, drug repositioning, identification of the compounds that can target more than one protein of the same disease and prediction of drug off-target activity, and many more (Pinzi and Rastelli, 2019). Ample studies are reported that have implemented the use of molecular docking and/or hybrid with experimental studies to search for various anticancer (Lone et al., 2017; Tutone and Almerico, 2017; Bhattacharya et al., 2022; El-Sayed et al., 2022a, 2022b, 2022c; Ghosh et al., 2022; Khanam et al., 2022; Obakachi et al., 2022), antimalarial (Manhas et al., 2016, 2018, 2019a, 2019b; Benjamin et al., 2022), antitubercular (Lone et al., 2018; Akki et al., 2022; Kaur and Singh, 2022; Modi et al., 2022; Sanka et al., 2022), etc., molecules. This depicts the importance of docking in the field of rational drug design. Thus, in this review, we have focused on the implementation of molecular docking (in combination with experimental and/or simulation studies) on the cell cycle CDK enzyme in the last two years.

Cyclin-dependent kinases (CDKs)

CDKs belong to the threonine/serine protein kinases family, which are responsible for causing normal cell division. Based on their function, they are broadly classified into two categories, i.e., cell cycle and transcriptional CDKs. CDKs are considered essential in many complex processes, like, angiogenesis, spermatogenesis, hematopoiesis, gene transcription, DNA repair, metabolism, etc. The dysregulation in the functioning of the CDK enzyme leads to the development of cancer. Many CDK inhibitors are under clinical trials; however, most of the drugs fail because of the lack of CDK specificity. Mostly, CDK inhibitors are known as ATP-competitive inhibitors. They have limited therapeutic effects as they inhibit the phosphorylation mechanism of other non-target kinases. Also, one of the renowned CDK2/7/9 inhibitors, roscovitine, failed in clinical trials due to toxicity and low potency. However, few CDK4/6 inhibitors, like, palbociclib, ribociclib, and abemaciclib, have successfully passed the clinical trials (Marak et al., 2020). The sequence and structure across all CDKs are identical as they contain a two-lobed structure. The active site of CDKs is sandwiched between the carboxy-terminal, which is rich in α-helices, and the amino-terminal lobe, which contains beta-sheets. The secondary structural elements of CDKs are highly preserved, but there are minor deviations in the activation segment, length of the chain, and nature of surface amino acids. These factors are crucial for the CDK enzymes to identify the respective inhibitors (Marak et al., 2020). There are two types of CDK inhibitors, i.e., exogenous and endogenous, that are lower molecular weight proteins and small molecules inhibitors, respectively. Endogenous inhibitors are small molecules, like, P21, P27, and P57 which are active against CDK4/6 (INK4), and CIP/KIP group, which contain P16, P15, P18, and P19 active against CDK enzymes. They inhibit the catalytic mechanism of CDKs by phosphorylation of the unbound CDKs or CDK-cyclin complex. Studies have shown that CDK inhibitors reduce the expression of CDKs and cyclins (Marak et al., 2020). For instance, melanoma, breast, colorectal, and lung cancers were all associated with P16 deficiency. P27 protein deficiency is typically linked to gastrointestinal, colon, breast, and prostate cancer. Because of this, the tumor can be identified based on the lack of endogenous CDK inhibitors (Marak et al., 2020).

Cell cycle cyclin-dependent kinases

Cyclin-dependent kinase 1

CDK1 enzyme works in the presence of cyclin B1 to facilitate the transition from the G2 phase into mitosis (cell cycle progression). Overexpression of CDK1 causes various types of cancers, like, gastric, ovarian, colorectal, liver, oral squamous cell carcinoma, and breast cancer (Kourea et al., 2003). Therefore, it is important to design potent CDK1 inhibitors. In this regard, Sofi et al. (2022) target the CDK1 enzyme using dinaciclib analogs by employing molecular docking (AutoDock 4.2.6) and molecular dynamics simulations (Desmond 2020.1, Schrödinger). They retrieved 100 dinaciclib analogs from the online PubChem database, which were further analyzed for their drug-likeness and ADMET properties. The filtered compounds were subject to molecular docking, and it was reported that compounds 1 and 2 (Fig. 1) displayed higher docking scores of −9.3 and −9.2 kcal/mol in comparison to the reference dinaciclib with inhibitory constants (Ki) of 1.07 and 2.1 µM, respectively. These compounds were selected to conduct molecular dynamics simulations. From the docked interaction plots, compound 1 displayed hydrogen bond interaction with Ile10, Ser84, and Asp86 residues. Compound 2 formed hydrogen bonding with Ser84, Asp86, and Gln132 residues present in the active site. Based on the stable simulation outcome, their novelty was checked using ChemSpider. Thus, they utilized in silico methods to validate the CDK1 as a therapeutic target and evaluate the inhibitory activity of the dinaciclib analogs (Sofi et al., 2022).
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Figure 1: The chemical structures of the CDK1 inhibitor shortlisted via inhibitory activity evaluation.

Zhao and his group discovered small drug-like molecules using a transcriptome-based computational drug repositioning method for the treatment of ovarian cancer (Zhao et al., 2022). They screened out the bottleneck protein (CDK1) via protein-protein interaction (PPI) network analysis (String database v 11.5) and used the protein to conduct the molecular docking (AutoDock 4.2.6) utilizing the dataset retrieved from the PubChem database. From the outcome of interaction studies, they predicted that pidorubicine (3), PHA-793887 (4), and lestaurtinib (5) (Fig. 2) can target the cell cycle regulator with the binding energy of −7.67, −7.75, and −9.13 kcal/mol for topoisomerase IIα (TOP2A), CDK1, and aurora kinase A (AURKA) enzyme respectively. They observed that IC50 values of 3, 4, and 5 on the OC-314 human cancer cell line were lower than the reported ovarian cancer drugs palbociclib and vorinostat. However, among these three, only compound 4 binds with the CDK1 via hydrogen bonding with Glu81, Leu83, Asn133, and Asp146. Here in silico methods were performed to explore the interactions between candidate drugs and the proteins encoded by the bottleneck gene, which were screened out via PPI network analysis (Zhao et al., 2022).
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Figure 2: The chemical structures of CDK1 inhibitor derived from PPI network analysis.

Yu et al. (2022) discovered the natural plant herb tangeretin (6) (Fig. 2) that can be used to treat oral squamous cell carcinoma (oral cancer) by using network pharmacology and molecular docking studies. Similar to Zhao et al. (2022), Yu and the group also conducted a PPI network analysis (String data platform) to retrieve CDK1 as one of the bottleneck proteins. They conducted docking (AutoDock Vina 1.1.2) on CDK1 protein using the nine ingredients of natural plant herbs (five from the traditional Chinese medicinal database and four from the literature) (Yu et al., 2022). With CDK1, hydrophobic contacts were predominated; however, no hydrogen bond interactions were observed. The binding energy of 6 with CDK1 was −8.7 kcal/mol. Also, in vitro studies were conducted on 6 (obtained from the literature), which showed the inhibition of the cell proliferation process. In conclusion, they predicted that natural plant herbs, can be used in the treatment of oral cancer, and in silico methods were used to confirm the results of network pharmacology (Yu et al., 2022). Serag et al. (2021) proposed that hybrid ionic vanillyl-azole-Schiff bases (IVASBs) can be synthesized in three new multifunctional bioactive IVASBs (7, 8, and 9) (Fig. 3). The synthesized compounds were characterized by FTIR, NMR, and MS analysis. They also conducted molecular docking studies (AutoDock 4) on the CDK1 enzyme using synthesized IVASBs three compounds. With CDK1, molecule 7 displayed interactions via two different forms of bindings, i.e., hydrogen bonding between the hydroxyl groups of the amino acids (Thr25, Tyr 26, and Arg47) and the nitrogen atoms of the azomethine and hydrophobic binding between the carbon chains of compound 7 and phenyl rings of Glu32. Molecule 8 has lower binding energy than 7 and displayed binding via hydrophobic and hydrogen bonding in different binding models. Interestingly the binding between 9 and CDK1 enzyme involves three different kinds of interactions, like, hydrogen bonding between the N-atom of diamine-thiazole and the OH group of Gly24; π-stacking between the phenyl rings of diamine-thiazole and Tyr26; and hydrophobic binding, between the phenyl ring and carbon chain of 9 and Glu32, Thr25, and Lys138, respectively. Thereafter, they conducted in vitro studies on these compounds, and it was depicted that out of three, 7 and 9 displayed better inhibition (cell proliferation) of 13.5 ± 1.14 and 3.73 ± 0.2 μg/mL, respectively. Also, the binding energy values of 7 (−3.52 kcal/mol) and 9 (−3.43 kcal/mol) make them the most potent anti-breast cancer agents. Further, they conducted flow-cytometric analysis and in vivo studies and concluded that 9 can be used as a starting scaffold for the treatment of breast cancer (Serag et al., 2021).
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Figure 3: The chemical structures of CDK1 inhibitory of hybrid ionic vanillyl-azole-Schiff bases (IVASBs).

Elkamhawy and his research group synthesized twelve in-house N-substituted indole-based analogs that inhibited both CDK1 and HER2 (Elkamhawy et al., 2021). Among them, 10 (Fig. 4) displayed the highest inhibitory activity against both of the enzymes. They docked (Discovery Studio Client 21) molecule 10 in CDK1 and HER2 to check the possible binding modes. The interaction analysis revealed that the main scaffold (indole), right-handed aryl halide (3-fluorophenyl), and heteroaryl ring (pyridazine ring) of the molecule occupy the hinge binding region, back room, and solvent-exposed surface, respectively. They suggested that the chemical scaffold of the molecules has a significant role in modulating the position of the compound in their respective grooves, and it can be used in further drug development processes. In the CDK1 binding sites, 10 displayed interactions via hydrogen bonding with Asp86. Thus, in silico molecular docking was utilized to investigate the possible hypothetical binding modes of 10 in the CDK1 enzyme, which was screened out from the in vitro kinase inhibitory assay (Elkamhawy et al., 2021).
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Figure 4: The chemical structures of the most potent CDK1 inhibitors from indole-based analogs (10) and oxadiazole molecules (11).

Pecoraro et al. (2021) reported the inhibition of the CDK1 enzyme via six newly synthesized oxadiazole molecules. Among them, compound 11 (Fig. 4) was found to be an efficient CDK1 inhibitor. From the in vitro anti-proliferative activity studies, they confirmed that 11 is the most active compound ranging from 5.7 to 10.7 µM, and it obeys the ADME prediction too. After in vitro studies, they conducted docking calculations on 11. Molecular docking studies revealed that 11 interacts in the nucleotide-binding pocket by establishing a hydrogen bond with the backbone of the Gly11 residue and with a docking score of −6.99 kcal/mol. In addition, the water-mediated interaction was also reported via Gln132 with the nitrogen group of the 7-azaindole moiety. Finally, they conclude that their compound displayed cytotoxicity activity, induced apoptosis, and targets the CDK1 enzyme, thus, can be used as the starting compound to treat cancer. With the help of molecular docking studies, they deciphered the ability of the compound to interact with the adenosine triphosphate binding pocket of CDK1 enzyme (Pecoraro et al., 2021).

Cyclin-dependent kinase 2

CDK 2 being a part of the cell cycle, emulate a crucial role since it is involved in a series of different biological processes and cell cycle regulation. Intercellular pathways, DNA and RNA (metabolism and translation), signal transduction, DNA damage, etc., are some of the routes via which CDK 2 phosphorylates and hence interacts with proteins. Overexpression of CDK2 causes breast, colorectal, ovarian, lung, and pancreatic cancer (Peyressatre et al., 2015). El-Sayed et al. (2022b) designed and synthesized fifteen dichlorophenoxymethyl-based derivatives and estimated their antiproliferative activity against the cancer cell lines (HCT-116 and MCF). Out of fifteen, four (12, 13, 14, and 15) (Fig. 5) displayed the most promising cytotoxicity (IC50 = 3.78−11.46 μM) (13 > 14 > 15 > 12), and from kinase profiling, they retrieved IC50 of 0.21 to 0.88 μM. They selected these molecules to conduct molecular docking (MOE-Dock V 2014) in the binding pocket of CDK2. Similar to the reference molecule roscovitine, the docking data of our synthesized compounds 12, 13, 14, and 15 showed good fitting within the binding site. They displayed favorable interactions with the important amino acid Leu83. Molecules 12, 13, 14, and 15 display binding scores of −10.55, −13.50, −10.88, and −10.83 kcal/mol, respectively, with CDK2 enzyme. In 12, the backbone of Leu83 formed one hydrogen bond acceptor interaction with the NH of 2-thioxopyrido-[3,2-d]pyrimidin-4-one moiety. Along with that, it also displayed three hydrogen bond donor interactions with two sulfonic group oxygens of 12. Moreover, a hydrogen bond donor interaction between the Lys89 sidechain and the 2,4-dichlorophenoxy moiety in 12 and 13 were also observed. Interestingly, the ATP-bonding pocket of CDK-2/cyclin A kinase was shown to have comparable binding mechanisms for the derivatives 14 and 15. The backbone of Leu83 formed hydrogen bonds with the NH of the amide group and the nitrogen atom of benzo[d]thiazole or benzo[d]oxazole in 14 and 15, respectively. Additionally, the essential amino acid Lys89 forms contact between the centroid of the 2,4-dichlorophenoxy ring and arene-cation. From the docking studies, they found that the presence of amino-substituted nitrogenous bi-or tri-heterocyclic scaffolds with the core 2,4-dichloro-phenoxy-methyl fragment can be responsible for showing the inhibitory activity against cancer, and this scaffold can be used for further research. Thus, in silico method helped to clarify the hypothetical binding modes of the compounds that showed promising cytotoxic activity (El-Sayed et al., 2022b).
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Figure 5: The chemical structures of dichlorophenoxymethyl-based derivatives as the most potent CDK2 inhibitor.

Nurhayati and his group conducted studies on known anticancer compounds of tris-indoline derivatives (16, 17, and 18) (Fig. 6) to evaluate their anticancer potency against CDK2, caspase-9, and p53 proteins (Nurhayati et al., 2022). They conducted molecular docking (Autodock Vina) on the three proteins with the respective three molecules separately. As per their studies, all the compounds were successfully docked in the binding site of CDK2. The ligands 16, 17, and 18 had the greatest binding affinity values of −7.3, −7.7, and −6.6 kcal/mol, respectively, with the CDK2 enzyme. MD simulations revealed that compound 17 binds with CDK2 via interaction with Tyr178, Ser180, Ser231, and Asn271. Moreover, on checking their cytotoxicity, they observed that 16 and 17 possess a good cytotoxicity effect and are more potent in inducing apoptosis in breast cancer cell lines in comparison to the chemotherapy agent doxorubicin. Compounds 16 and 18 displayed promising results against MCF-7 with IC50 2.059 and 3.9759 µM. Thus, in silico analysis and cytotoxicity assay confirmed that 16, 17, and 18 can act as potent CDK2 inhibitors (Nurhayati et al., 2022). El-Sayed et al. (2022a) synthesized eighteen novel scaffolds of tri-azolecoumarin-glycosyl hybrids and their tetrazole hybrid analogues as potent anticancer agents. Based on the outcome of their antiproliferative activity against the PC-3, Paca-2, A-375, Mel-501, and Caco-2 cancer cell lines, three candidates (19, 20, 21) (Fig. 7) showed promising results in comparison to the reference doxorubicin. Compound 19 showed IC50 of 10.7, 8.8, 25.4, and 10.9 µM against the Paca-2, Mel-501, PC-3, A-375, and Caco-2 cancer cell lines. Compound 20 displayed IC50 values of 14.6 and 16.7 µM for cell lines Paca-2 and Mel-501, respectively. Compound 21 showed IC50 values of 16.9, 4.1, 12.5, and 9.9 µM for Paca-2, Mel-501, and A-375 cell lines, respectively. Further, the mechanism of action of these compounds with the CDK2, epidermal growth factor receptor (EGFR), and vascular epidermal growth factor receptor (VEGFR2) enzymes were assessed. The outcomes revealed that 19 displayed potent activity against EGFR, VEGFR-2, and CDK-2, and compounds 20 and 21 displayed potent activity against CDK2. Overall, they suggest that 19 can be used as a multitarget drug against VEGFR-2, EGFR, and CDK-2 (binding energy of −11.30 kcal/mol), and 20 and 21 can be used as CDK2 inhibitors. Finally, to understand the binding pattern and affinity between 19, 20, 21, and the selected proteins, molecular docking studies (MOE-Dock) were conducted. The coumarin moiety in compounds 19, 20, and 21 played a crucial part in fitting within the CDK2 enzyme through hydrogen bond formation with the important amino acid Leu83. Additionally, the acetylated oxygens displayed hydrogen bonding with Gln131 in 20 and Lys129 in 21, in addition to other interactions. They retrieve binding energy of −10.76 and −10.85 kcal/mol for each derivative was promising. As a final assessment, it was noted that, in comparison to the other derivatives 20 and 21, bearing large glycoside moieties, 19 with its 2,3-dihydroxypropyl fragment (small size) enhanced good fitting and binding with the important amino acids within the active sites of EGFR, VEGFR-2, and CDK-2/cyclin A2. Furthermore, the coumarin nucleus plays a crucial part in fixing within the CDK2 active site in the screened derivatives 19, 20, 21. Thus, based on the kinase inhibitory results of the target, the in silico study was conducted in an attempt to provide a correlation between their activities and the possible binding modes (El-Sayed et al., 2022a).
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Figure 6: The chemical structures of tris-indoline derivatives having potent CDK2 inhibitory activity.
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Figure 7: The chemical structures of Tri-azolecoumarin-glycosyl hybrids (19, 20, 21) and 2-amino-4H-pyran and one 2,4-dihydropyrano[2,3-c]pyrazole derivatives (22, 23) as the potent CDK2 inhibitor.

El-Sayed et al. (2022c) synthesized and characterized thirteen new derivatives of 2-amino-4H-pyran and one 2,4-dihydropyrano[2,3-c]pyrazole and further checked their antibacterial and antioxidant activities on the HCT-116 cell line (colorectal cancer). Based on better antioxidant and antiproliferative activity, they concluded that 22 and 23 (Fig. 7) can be used as anti-colorectal cancer agents. They reported the IC50 values of cytotoxicity on HCT-116 cells for compounds 22 and 23 as 75.10 and 85.88 μM, respectively. Further, to check their interaction pattern, they conducted molecular docking studies (Glide, Schrodinger) on the CDK2 enzyme. Pyran derivative 22 forms three hydrogen bonds with Asp86, Gln131, and Asn132. In the interaction plot, Asp86, through its amino group, acts as a donor, Gln131 act as an acceptor through the 3-methoxyl group, and Asn132 act as an acceptor through the 5-methoxyl group. These binding interactions demonstrated the significance of the amino group and the methoxy groups at the m-positions (3,5-positions) for future optimization. The ligand 22 also showed lipophilic interactions with the amino acids Ile10, Val18, Phe80, and Leu148. The binding energy of 22 with CDK2 protein was −48.70 kcal/mol. Additionally, the interactions between Phe80 and the phenyl ring in π-π stacking were reported. The investigation of the binding interactions between CDK2 and compound 23 further showed that two hydrogen bonds were formed between the amino acid residues Asp86 and Lys129 in the active pocket. The docking score of compound 23 was reported to be −43.31 kcal/mol. The benzyl moiety of the compound also showed lipophilic interactions with the amino acids Ile10, Val18, Val64, Phe80, Leu148, and Leu134. From the docking outcome, they concluded that a CDK2 inhibitor needs a larger ring to be connected to the primary scaffold (like a pyran ring) by a flexible chain of two to three atoms. Additionally, it must be located at the molecule’s periphery to effectively enter the ATP binding site and generate lipophilic and mildly polar interactions. Additionally, docking studies suggested that hydrogen bond donors or acceptors on the main scaffold could significantly improve binding to the receptor. Further, they conducted a kinase inhibitory assay, followed by quantitative measurement and real-time polymerase chain reaction (PCR) profiling of the CDK2 enzyme along with the gene. The outcome indicates that 10 mg/mL of 22 and 23 is optimum for causing apoptosis of HCT-116 cells of mitochondria of caspase-3 protein (El-Sayed et al., 2022c). Chaube and Bhatt (2022) reported non-toxic, potent, and CDK2 selective inhibitors. They generate the four common feature pharmacophores (GASP, Sybyl X) from the reported six CDK2 inhibitors, and then based on the Dmean score, they shortlisted one model to screen out the 20,542 molecules (Lipinski filtered) from the NCI database. Further, the top five screened/filtered molecules were selected to conduct molecular docking studies. Finally, they shortlisted one candidate, 24 (Fig. 8), that displayed interactions similar to the reference drug staurosporine. Thereafter, they used a knowledge-based approach (bio-isosteric replacement) to further modify the purine scaffold of 24. The modified five candidates were again subjected to molecular docking calculations. Based on the docking score and presence of important hydrogen bonding interactions with Glu81, Leu83, and Asp86, they shortlisted 24 for simulation studies (Sybyl X). Further, they checked their toxicity and ADMET properties which revealed their non-toxic nature (Chaube and Bhatt, 2022). Belal and his group synthesized novel fused pyrroles, pyrrolo-pyrimidines, and pyrrolo-diazepine derivatives as CDK2/EGFR inhibitors (Belal et al., 2022). Further, the synthesized derivatives were evaluated for their inhibitory activities against Hep3B, HCT116, and MCF-7 cell lines. Among all the derivatives, 25 (Fig. 8) exhibited the highest activity in comparison to the reference doxorubicin. They conducted molecular docking (MOE software) and ADMET studies to check their binding pattern and study their toxicity. On docking, compound 25 displayed binding energy of −24.52 kcal/mol, which was similar to that of the reference AZD543. The adenine pocket was occupied by the 1H-pyrrole-3-carbonitrile scaffold that form hydrogen bonding with Leu134 and Val18 along with hydrophobic contact with Lys89, Asp86, Gln85 Leu820, Leu694, and Val702. Moreover, the piperidine moiety of 25 interacts with Ile10. Also, they reported one more hydrophobic interaction within p-tolyl moiety and ribose binding pocket (Belal et al., 2022).
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Figure 8: The chemical structures of the most potent CDK2 inhibitors shortlisted based on docking score.

Eltamany et al. (2022) performed a comparative analysis between Plicosepalus acacia and P. curviflorus to check their antioxidant and anticancer activities. On conducting the metabolomics profiling, they observed that P. curviflorus showed higher anticancer, and antioxidant properties owing to the nature of the compound (phenolic contents). The cytotoxicity value on PC-3 cell lines for P. curviflorus was 25.83 μg/mL. Further, they conducted molecular docking studies (MOE 2019) to decipher the reason behind the superiority of P. curviflorus. They observed that owing to the binding pattern and the presence of interactions similar to the experimental studies, the molecule showed better inhibitory activity. Molecular docking studies revealed that the majority of the investigated compounds, particularly those from P. curviflorus, had significant binding affinities towards both proteins. Their binding energies ranged from −10.69 to −16.39 kcal/mol with CDK2 and −14.68 to −18.69 kcal/mol with EGFR. Furthermore, they formed interactions with the key amino acids Leu83 and Lys89 within the CDK2 protein. Finally, they concluded with an emphasis on the validation of their outcome via experimental studies (Eltamany et al., 2022). Raut and his group synthesized azafavanone derivative, which can be used to treat prostate cancer (Raut et al., 2022b). Compound 26 (Fig. 9) was selected for further studies based on its lower inhibitory activity value (0.4 µM). Further, they conducted a cell cycle analysis for the treatment of the compound, which showed an arrest at the sub-G1 phase. They observed that the use of the compound enhances ROS generation and cell death (DU145 cells), thus, explaining the ROS-mediated mechanism responsible for the death. From molecular docking studies (SwissDock), they observed that 26 binds well in the active site of the CDK2 protein by forming hydrogen bonding interactions with Lys33, and Asp86 and displaying binding energy of −7.4 kcal/mol. In their work, they highlighted the ROS-mediated mechanism causing DU145 cell death by the aza derivative compound, and the compound can be a potent molecule in anticancer therapeutics development. Here, in silico studies were employed to find out the reason behind the cytotoxic property of the drug (Raut et al., 2022b). Mandour and his co-worker synthesized twelve pyrazolopyrimidine derivatives and checked their anti-proliferative activities against HCT-116, MCF-7, and HepG-2 cell lines, which was further used to check their CDK2 inhibition (Mandour et al., 2022). As per their outcome, all the compounds displayed greater toxicity against MCF-7, and HCT-116, while for HepG-2, only three compounds showed potent activity. On analyzing their CDK2 inhibitory activity, they observed that 27 (Fig. 8) displayed the most remarkable activity (IC50 0.061 ± 0.003 µM) and lower toxicity against the normal cell lines. Also, it causes apoptosis in HCT cells and observable alteration in the S and pre-G1 phases of the cell cycle. Further, they checked their binding pattern by molecular docking (Discovery Studio 4.0), from which they observed that all the compounds formed stable interactions with Leu83 in the binding pocket, and compound 27 interacted via Glu81, Leu83, and Asp86 by forming hydrogen bonding. The binding interaction energy ranged from −60.89 to −50.85 kcal/mol for the lead compound roscovitine (E = −55.75 kcal/mol), and 27 demonstrated a binding score of −59.85 kcal/mol and a similar binding mode. Also, the compound showed an acceptable range of ADMET parameters and drug-likeness studies. The molecular docking study revealed that all the potent anti-proliferative tested compounds were of comparable binding mode to that of the reference ligand (Mandour et al., 2022).
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Figure 9: The chemical structures of potent CDK2 inhibitors of P. curviflorus (26) and pyrazolopyrimidine derivative (27).

Eldehna et al. (2022) synthesized 3-(piperazinyl-methyl) benzofuran derivatives as CDK2 inhibitors. On conducting the inhibitory activity, few of the compounds displayed better inhibitory activity in comparison to the reference staurosporine against CDK2 enzyme (Eldehna et al., 2022). Along with this, compounds 28 and 29 (Fig. 10) displayed better antiproliferative activities against different cancer cell lines, like, pancreatic (Panc-1), breast (MCF-7), and lung (A549) cancer cell lines. Compound 28 displayed efficient antiproliferative activity with IC50 values of 0.94, 2.92, and 1.71 μM for cell lines Panc-1, MCF-7, and A549, respectively. Compound 29 displayed antiproliferative activity with IC50 values 2.22, 5.57, and 2.99 μM for cell lines Panc-1, MCF-7, and A549, respectively. Also, they display infinitesimal cytotoxicity against the human lung fibroblast normal cell line (MRC-5). They conducted docking on DFG out conformation of CDK2 enzyme with the synthesized compounds 28 and 29 to check their binding pattern. From the outcome, they observed that common benzofuran moiety binds in the binding cavity of the CDK2 protein. Molecular docking simulations revealed that the designed compounds follow the common binding pattern of type II inhibitors. The thiosemicarbazide, semicarbazide, and acylhyrazone linkers in the designed 3-(piperazinylmethyl) benzofuran binds in the kinase binding site at the interface between the gate area and the allosteric back pocket. They form interaction via hydrogen bonding with the Glu51 side chain carboxylate and DFG Asp145 backbone NH. The peripheral (un)substituted phenyl moiety is directed towards the hydrophobic region between the gate area and the hinge region on one side, and the benzofuran ring is directed towards the hydrophobic allosteric back pocket. They form hydrophobic interactions with the hydrophobic side chains of the amino acids lining the back pocket on the other. Furthermore, at the 3-position of the benzofuran ring, the phenylpiperazine moiety is extended towards a hydrophobic region surrounded by the hydrophobic side chains of the amino acids Leu54, Leu58, Ile63, Cys118, Val123, and Leu143. The most prominent interactions of 28 and 29 were observed with Glu51 and Asp145. In short, in silico molecular docking studies were performed to explore the ability of target benzofurans to adopt the common binding pattern of CDK2 type II inhibitors (Eldehna et al., 2022). Mohammed and Elmasry (2022) synthesized quinazolinone-based derivatives as CDK2 inhibitors. They perform in vitro studies on these compounds using sixty tumor cell lines of CNS, melanoma, renal, prostate, breast, leukemia, lung, ovarian, and colon cancer. From the outcome, it was observed that among all, molecule 30 (Fig. 10) was the most active and displayed the highest activity against all the cell lines. Further, they tested 30 against the cell cycle and observed that it disrupts the functioning of the S phase and G2/M phase, thus can inhibit the CDK2 enzyme. Further, they selected this compound to conduct molecular docking (MOE) study on CDK2 and check its drug-likeness properties (SwissADME server). The results of the molecular docking study revealed that 30 binds most effectively within the binding pocket of CDK2 kinase with a binding score of −13.8 kcal/mo1. Compound 30 forms two hydrogen bonds between the quinazolinone moiety and the hinge region of the protein. The quinazolinone carbonyl oxygen, in particular, forms two water-mediated hydrogen bonds with the Leu83-NH and Glu81-CO. Furthermore, the planar aromatic core, like the co-crystallized ligand, makes extensive hydrophobic contacts with Ile10, Val18, Ala31, Phe80, Leu134, and Ala144. Other hydrogen π interactions were observed between the phenyl rings attached to the quinazolinone rings and Glu12 and Gln85, respectively. Moreover, as per its drug-likeness studies, the compound showed acceptable pharmacokinetic and physicochemical properties. The most important aspect of their research was that antiproliferative activity analysis, cell cycle analysis, docking, and ADME showed the same result confirming 30 as a potent CDK2 inhibitor (Mohammed and Elmasry, 2022). Shamsiya and Bahulayan (2022) synthesized a series of solid-state emitters based on oxazolone-coumarin-triazole (six) via multi-component reaction as anticancer compounds (breast cancer). They calculated the electronic structures (Gaussian 09) of their compounds and revealed that the nonlinear optical characteristic causes emission. Further from molecular electrostatic potential (MEP) maps, they observed that their molecules contain negative and positive potential on oxygen and carbon atoms, respectively. From the MEP study, they understand the reactive site present in their molecules for causing the reaction. Further, they conducted molecular docking studies (Auto Dock Vina 1.1.2) on all six synthesized compounds (31 to 36) (Fig. 11) with the CDK2 enzyme. It was observed that the molecules interact via hydrogen bonding, van der Waals, π-cation, and π-π interactions. Only compounds 31, 32, and 36 formed hydrogen bonds with the protein. The protein formed a hydrogen bond with Lys89 and the coumarin ring’s carbonyl oxygen, a π-π interaction between the coumarin ring and Phe82, two π-cation interactions between the triazole ring and Lys89, and benzene ring and Lys20. It displayed the docking score of −10 kcal/mol. Compound 32 exhibited two hydrogen bonds, one between the oxazolone’s carbonyl oxygen and Lys89 and the other between Gln131 and the triazole ring. In compound 36, hydrogen bonding interaction was observed between the carbonyl group of the coumarin ring and Asp86, as well as between the carbonyl group of the oxazolone and Thr14. The molecules also interacted via hydrophobic interactions. Compound 33 displayed the highest binding affinity with a binding score of −10.7 kcal/mol. All the compounds could bind well in the active site of the protein, and they relate the docking mode with the MEP of the compounds. They observed that the negative and positive potential obtained in the MEP map are responsible for showing interaction in the binding studies. Further, a cytotoxicity study depicted the potent activity of these molecules against the cervical cancer cell line (HeLa) (Shamsiya and Bahulayan, 2022). Zhang and his group explained the anticancer mechanism of 6-methoxy flavone (37) (Fig. 12) on cell lines of SiHa, C33A, HaCaT, and HeLa and cell cycle assay (Zhang et al., 2022). From the outcome, they revealed that molecule 37 inducted S-phase disruption in the HeLa cell line and in the cyclin A2 (CCNA2)/CDK2/cyclin-dependent kinase inhibitor 1 (p21CIP1) pathway too (PCR and western blotting). Based on the outcome, they conducted molecular docking (AutoDock Vina) on the CDK2, CCNA2, p21CIP1, and combined CDK2_CCNA2 enzyme. They observed that 37 has the highest affinity (−8.6 kcal/M) for the CDK2 enzyme. However, the hybrid CDK2_CCNA2 enhances the affinity of the 37. They also observed no covalent interaction with p21CIP1. Further, they analyzed the clinical characteristics, which revealed that the compound may be related to six clinic-pathological parameters of cervical cancer patients, and they propose that the compounds can be used to treat cervical cancer (Zhang et al., 2022).
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Figure 10: The chemical structures of 3-(piperazinyl-methyl) benzofuran derivatives (28, 29) and Quinazolinone-based derivatives (30) as CDK2 inhibitors.
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Figure 11: The chemical structures of oxazolone-coumarin-triazole derivatives as the potent CDK2 inhibitor.
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Figure 12: The chemical structures of 6-methoxy flavone (37) and isatin derivative (38) as the most active CDK2 inhibitor.

Many groups utilized docking to decipher the binding pattern in the CDK2 enzyme. For instance, Czeleń and his group’s work on isatin derivatives 38 (Czeleń et al., 2022) (Fig. 12), Nassar et al. (2022) synthesized pyrazolo-pyrimidine and pyrazolo-triazolo-pyrimidine compounds (39, 40, and 41) (Fig. 13) and Joshi et al. (2022) reported cnnamamide-chalcone derivatives (42, 43, 44, and 45) (Fig. 13). Metwally et al. (2021) synthesized and characterized pyrazolo[1,5-a]pyrimidine derivatives as anticancer compounds against CDK2 enzyme. They conducted in vitro studies using three human cancer cell lines (HepG-2, HeLa, and MCF-7). Among them, the most potent compounds were selected to assess their activity against the CDK2 enzyme, and their outcome was compared with the reference compounds, roscovitine, and dinaciclib. Out of five compounds 46, 47, and 48 (Fig. 13) showed the highest inhibitory activity against the CDK2 enzyme. Further, these compounds were docked within the binding site of the CDK2 enzyme and assessed via drug-likeness studies. From docking studies, they reported all the crucial interactions as observed in the reference compound. Compound 46 revealed three interactions with the enzyme, i.e., two hydrogen bonds and one arene-cation interaction with the binding energy of −14.6729 kcal/mol. In addition to that, basic arene-cation interaction occurs within the active site of the enzyme between the phenyl ring and Lys 89. Compound 47 formed two hydrogen bonds, between the CN of CH=CN and Lys 89, with a binding energy of −15.287 kcal/mol. Compound 48 had one hydrogen bond and two basic arene-cation interaction bonds with a binding energy of −12.486 kcal/mol. These theoretical molecular docking results agree well with the practical outcome. Finally, compiling all the results of in vitro and in silico studies, they concluded that 48 is a suitable candidate for anticancer discovery (Metwally et al., 2021). Fatahala and her group synthesized 2-thiouracil-5-sulfonamides derivatives as anticancer agents (Fatahala et al., 2021). Among the synthesized compounds, 49, 50–53, and 54 (Fig. 13) displayed significant anticancer activity against the CDK2 enzyme. Further analyses, like checking cell growth arrest at G1/S, S, and G2/M phase, 51 showed the highest inhibition of the CDK2. Finally, they conducted docking studies (MOE software) on 49, 50–53, and 54 and concluded that 51 displayed proper interaction within the binding pocket, which explains its highest potency against the CDK2 enzyme.The most important residues found in the CDK2-ATP binding pocket for 49 were Gly13, Lys33, Lys129, Gln131, those for 51 were Gly13, Lys33, Phe82, Gln131, for 52 were Gly13, Lys33, Asp86, Lys89, for 53 were Ile10, Lys33, Gln13, and those for 54 were Lys33, Gln131. Compound 51, the most promising anticancer agent, formed one hydrophobic bond with Gly 13 and three hydrogen bonds with Lys33, Lys89, and Asp86, whereas reference TPHP formed three hydrogen bonds with Lys33, Leu83, and Leu83. Compound 51 displayed the highest docking score of −5.48 kcal/mol, and a lower root-mean-square deviation (RMSD) of 1.05 Ǻ than the reference TPHP, which had a lower docking score (−4.52 kcal/mol) and a higher RMSD (1.86 Ǻ). The docking study explained medium to high activity of compound 51 against four cell lines over the remaining active compounds. Thus, molecular docking confirmed the final compound 51 as a potent CDK2 inhibitor (Fatahala et al., 2021). Goda et al. (2021) conducted in vivo analysis along with in vitro studies to check the anticancer (lung, A59 cell line) activity of Artemesia judaica L. It was observed that the 55 (Fig. 14) gives IC50 of 14.2 µg/mL compared to the reference doxorubicin. For in vivo studies, they selected the xenograft model and reference doxorubicin and found a reduction in the solid tumor mass with an inhibition ratio of 54%. When they conducted docking studies on the CDK2 enzyme, they observed that the binding affinity of 55 to the CDK2 enzyme explains the cytotoxicity activity obtained, which makes it a suitable cytotoxic compound against lung cancer. The most important interactions of 55 with CDK2 were Leu83 and Lys89, with binding energy in the range of −9.58 to −19.89 kcal/mol. Herein, the in silico docking analysis proved the cytotoxic activity of the detected metabolites that may contribute to the cytotoxic activity of the crude extract of Artemesia judaica L. (Goda et al., 2021).
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Figure 13: The chemical structures of pyrazolo-pyrimidine, pyrazolo-triazolo-pyrimidine compounds (39, 40, 41), cnnamamide-chalcone derivatives (42, 43, 44, 45), pyrazolo[1,5-a]pyrimidine derivatives (46, 47, 48) and 2-thiouracil-5-sulfonamides derivatives (49–54) as the potent CDK2 inhibitors.
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Figure 14: The chemical structures of Artemesia judaica L (55) and pyrazole-indole hybrids (56, 57) displaying potent CDK2 inhibition.

Hassan et al. (2021b) synthesized novel pyrazole-indole hybrids and checked their anticancer activities against MCF-7, HCT-116, A549, and HepG2 cell lines. Out of all the synthesized compounds, 56 and 57 (Fig. 14) displayed the highest activity, which was further selected to explore their mechanism in the cell cycle and apoptosis process. Further, the enzymatic assays were checked against caspase-3, CDK2, Bcl-2, and Bax protein. To study their (56 and 57) interaction pattern within the protein CDK2, they conducted molecular docking studies (MOE) and found that the presence of indole and pyrazole moiety in the molecule is responsible for fitting well in the active site and displaying the interactions. Higher negative energy scores of −13.68 and −12.55 kcal/mol for both inhibitors indicate higher predicted binding affinity than the reference ligand. The docked derivatives 56 and 57 were found to fit within the active site of the enzyme by forming interactions with Lys89 via two arene-cation interactions with indole centroids and hydrogen bonding with the pyrazole moiety. It was also discovered that the pyrazole scaffold of 56 supported the binding via hydrogen bond donor with the side chain of Lys89. Finally, they predicted that the two compounds (56 and 57), which contain indole and pyrazole moieties, would bind to CDK-2 via different interactions with the key amino acid Lys89. Furthermore, the obtained binding pattern investigated the superior CDK2 inhibitory activity of these compounds over the co-crystalized inhibitor (Roscovitine) (Hassan et al., 2021b).

Gosh and his team used in silico studies to retrieve alkyl and aryl-substituted isatin-triazole ligands as potential inhibitors of CDK2 and EGFR enzyme (Ghosh et al., 2021). First, they performed the density functional theory studies on the ligand, then selected them for docking studies on the two enzymes, and concluded with simulations studies. Finally, based on the outcome, they selected two ligands, 58 and 59 (Fig. 15), as the ones that showed the most preferred binding with the two proteins (Ghosh et al., 2021). The most important residues involved in the interaction of CDK2 for 58 and 59 were Leu83, Phe82, Ile10, Lys33, Leu134, Asp145, Asn132, Gln131, Lys129, Gly13, Thr14, Glu162, and Val163. They displayed the binding energies of −8.90 and −8.60 kcal/mol for 58 and 59, respectively (Ghosh et al., 2021).
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Figure 15: The chemical structures of aryl (58) and alkyl (59) substituted isatin-triazole ligands as efficient CDK2 inhibitors.

Ismail et al. (2021) synthesized new arylazo-pyrazoles derivatives and used the MTT technique to examine their antiproliferative activity. They observed that two compounds with IC50 of 3.0 and 4.0 µM displayed higher cytotoxicity compared with the reference standard Imatinib (IC50 of 7.0 µM). Further, cytometric analysis was carried out for biological assessment, and compound 60 (Fig. 16) exhibited 62.5% inhibition of CDK2 in comparison to imatinib. They confirm the affinity of 60 to the CDK2 via molecular docking and pharmacophore modeling (Discovery Studio 2.5). Docking studies revealed that compound 60 had a higher binding affinity in the active site of CDK2 with a binding energy of −5.6 kcal/mol than the reference ligand, which has a binding energy of −4.4 kcal/mol. The interaction plot revealed that 60, which contains a pyrazole scaffold, forms three hydrogen bonds with the Leu83 and Glu81 residues of the active site of CDK2., The aryl moiety attached to the pyrazole ring at position 5 forms hydrophobic interactions with the side chains of Ile10, Lys 89, and Gln131 residues. The acetophenone moiety formed more hydrophobic interactions with the amino acids Asp145 and Leu134. After docking studies, they performed ADME analysis by SwissADME, Molsoft, Pre-ADME websites, and DataWarrior software, which also revealed that compound 60 is orally bioavailable (Ismail et al., 2021).
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Figure 16: The chemical structures of arylazo-pyrazoles derivative (60), acanthoic acid analog (61), cinnamaldehyde (62), hybrid of isatin-thiazolo-benzimidazole (63) as the potent CDK2 inhibitor.

Kasemsuk et al. (2021) synthesized thirteen sets of acanthoic acid analogs containing triazole moiety and studied their cytotoxicity. Among the synthesized, compound 61 (Fig. 16) exhibited the strongest biological activity against four cell lines of cholangiocarcinoma cells with an IC50 of 18 µM. Molecular docking (AutoDock 4.2) studies suggest a favorable binding energy, which further suggests 61 as a potent CDK2 inhibitor. Interestingly, 61 had the lowest binding energy of −12.7 kcal/mol with CDK2 and demonstrated the formation of three hydrogen bonds of the nitro group with Gln85, Aps86, and Lys89 residues. Furthermore, the triazole and aromatic rings interacted with Ala31, Leu83, Leu134, Ile10, and Phe80 residues via-alkyl interactions, whereas the diterpene ring interacted with Val18, Ala31, Lys33, Ala144, and Leu134 residues via hydrophobic interactions. The triazole ring and the nitro group of compound 61 formed a strong hydrogen bond, while the diterpene ring formed a good hydrophobic interaction, leading to a better understanding of the cytotoxicity against CCA cell lines provided by these interactions. Compound 61 61 (Fig. 16) showed the most potent activity among 13 synthesized compounds and had maximum binding energy of −12.7 kcal/mol. Thus, in vitro and in silico both had similar results (Kasemsuk et al., 2021). Hermawan et al. (2021) detected the targets and mechanisms of 62 (cinnamaldehyde) in overcoming fulvestrant-resistant breast cancer using a computational approach. They used molecular docking analysis and observed that 62 could bind to six potential protein targets, including CDK2, which makes this compound an anticancer. Cinnamaldehyde (62) had a higher docking score than the selected reference of CDK2, i.e., AZD5438 and Erα. They form hydrogen bonding with Lys33 or Arg394 with a binding energy of −12.01 kcal/mol. Compound 62 had an additional hydrogen bond with Thr74 due to its higher docking score than the reference ligand (Hermawan et al., 2021). Eldehna et al. (2021b) proposed that a hybrid of isatin-thiazolo-benzimidazole can be used as a potent CDK2 inhibitor. They conducted the biological evaluation and in silico studies like ADME prediction (SwissADME) followed by docking (Autodock Vina), MD simulation (GROMACS 2020.3), and MM-PBSA calculations. Three compounds displayed potent dual activity against cell lines MDA-MB-231 and MCF-7. By docking analysis, one potent compound 63 (Fig. 16) was selected, which formed the most stable complex with CDK2 enzyme with a binding score of −11.2 kcal/mol. Particularly, the substitution of the oxindole moiety in hybrid 63 with a 5-methoxy group resulted in an extra hydrogen bond interaction with Thr14, which explained its superior in vitro CDK2 inhibitory activity (IC50 = 26.24 nM) over hybrid other two compounds (IC50 = 42.95 and 96.46 nM). Thus, with the help of molecular docking, they were able to select the most potential candidate for inhibition of CDK2 (Eldehna et al., 2021b). Mansour et al. (2021a) synthesized E/Z-diastereomers of a series of 3-benzylideneindolin-2-ones and 5-nitro-3-benzylidene-indolin-2-ones. With the help of in silico docking studies (MOE), they confirmed better binding affinity of synthesized Z-diastereomer (64–71) (Fig. 17) with CDK2 in comparison to the reference Sunitinib. Among them, important residues for 64 were Lys89, and Ile20 with a binding energy of −7.89 kcal/mol (Mansour et al., 2021a). Rouchal et al. (2021). revealed that the compounds with 2,6,9-trisubstituted purines scaffold (72) (Fig. 17) can act as good anticancer drugs. However, on the downside, they have low solubility in water, which can be improved by appropriate derivatization of the compounds with the adamantane moiety (Rouchal et al., 2021). They also performed molecular docking (AutoDock Vina) and in vitro analysis and found that purine derivatives with adamantane cages can easily bind inside the CDK2 to form complexes. They performed a docking study to clarify the inactivity of previously published adamantylated purines. Docking studies revealed that the inactivity was not related to the presence of the bulky adamantane moiety, which was believed to prevent the entrance of the inhibitor to the active site (Rouchal et al., 2021). The most promising residues for purine core were Ile11, Leu84, His85, Asp87, and Ls90.
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Figure 17: The chemical structures of 3-benzylideneindolin-2-ones, 5-nitro-3-benzylidene-indolin-2-ones-diastereomers (64–71), 2,6,9-trisubstituted purines scaffold (72) and 4-benzoyl-amino-1H-pyrazole-3-carboxamide derivative (73) showing most promising results for CDK2 inhibition.

Lin et al. (2021) synthesized a series of 4-benzoyl-amino-1H-pyrazole-3-carboxamide derivatives, and checked their anticancer activities. They conducted kinase assays, cell cultures, viability assay, western blot, flow cytometric analysis, siRNA transfection, and molecular docking (Glide, Schrodinger). Compound 73 (Fig. 17) exhibited effective activity against CDK2 with an IC50 value of 58 nM. Molecular docking illustrated that 73 had a similar binding mode with CDK2 as the reference C-73, the most selective inhibitor reported so far for CDK2. Compound 73 had a U-type conformation similar to C-73 and overlapped with it in the same region. In the hinge region of CDK2, the pyrazole ring formed three hydrogen bonds with Glu81 and Leu83. The 4-(6-carbamoyl-3-pyridyl)-2,6-difluorophenyl moiety of 73, mimics the position of the C-73 biphenyl. The selectivity of 73 may be explained by the similar binding mode of C-73 (Lin et al., 2021). Hassan et al. (2021a) synthesized a novel set of diphenyl-1H-pyrazoles and pyrazolo-pyridines and evaluated their antiproliferative activity. The IC50 was observed to be 1.29 and 0.93 µM for compounds 74 and 75, respectively, against MCF7, and the IC50 of 1.57 and 1.33 µM for compounds 76 and 77 against the HepG2 cell line. Further, molecular docking (MOE), 2D-QSAR studies, and ADMET study (SwissADME) were performed, and finally, three compounds (74, 76, and 77) (Fig. 18) were selected out of four that showed efficient anti-proliferative activity as potential CDK inhibitors. The interactions of 74 (−15.97 kcal/mol) showed hydrogen bonding interaction with Ile10, Gly13, and Leu83. Compound 75 (Fig. 18) (−15.07 kcal/mol) showed hydrogen bonding with essential residue Leu83. Other than hydrogen bonding, they also observed hydrophobic interactions. Compound 77 (−13.53 kcal/mol) exhibited two hydrogen bonding contacts with Leu83 via the CN group and aromatic C atom, as well as another with Lys89 via the pyrazole N atom. They reported that the involvement of the CN group indicates its implications for ligand-target interactions. Additional hydrophobic interactions were observed with Val18, Phe80, Lys89, and Gln131, residues (Hassan et al., 2021a). Sharma and her group screened out schinilenol (78) (Fig. 18) as a potential candidate from 5284 compounds of Taiwan indigenous plants database for CDK2 inbitiors (Sharma et al., 2021). For this, they performed in silico investigation along with pharmacophore modeling, virtual screening, mapping, MD simulations, and metabolic site reactivity analysis (molecular docking) (Sharma et al., 2021). They filtered the database of 5282 compounds and retrieved ten hits with the help of molecular docking. Among these ten hits, 78 showed the best results with a binding energy of −8.1 kcal/mol. Compound 78 is a coumarin that belongs to the benzopyrones and lactones families and has an alpha-pyrone ring combined with a benzene ring. These classes of compounds possess increased bioavailability, effective pharmacological features, reduced drug resilience and toxicity, and improved therapeutic effects on a variety of ailments. Docking results displayed the essential amino acid residues for 78 were Thr14, Gln31, Lys33, Asp86, Lys129, and Asn132. Thus, molecular docking was utilized to screen out the molecules and suggested a favorable CDK2 lead phyto inhibitor for further in vitro and in vivo studies. Many groups have worked on CDK2 inhibition with the help of molecular docking. For instance, (Mansour et al., 2021b, Elmorsy et al., 2022) reported novel pyridine-3-carbonitrile derivatives as anticancer compounds against the CDK2 enzyme (79–82) (Fig. 19), Eldehna and his group studied three series of oxindole-benzofuran hybrids (83–85) (Eldehna et al., 2021a) (Fig. 19), Al-Sanea et al. (2021) studied 3-hydrazonoindolin-2-one scaffold (86) (Fig. 19), Shawky et al. (2021) synthesized two new series of pyrrolizines bearing 3,4,5-tri-methoxyphenyl moiety (87–89) (Fig. 19). Roy et al. (2021) synthesized flavonol-based analogs of fisetin as anticancer agents (90, 91, 92) (Fig. 19). Utilizing inverse-docking, in vitro kinase activity, and various cell-based anticancer screening assays, new potential inhibitors of receptor tyrosine kinases (c-KITs), CDK2 and mTOR, were discovered. These proteins were known as attractive therapeutic targets for the treatment of melanoma and non-melanoma skin cancers. Eleven compounds, with IC50 values ranging from 0.12 to <15 µM, showed substantial inhibitory activity against four human skin cancer cell lines, including melanoma (A375 and SK-Mel-28) and NMSCs (A431 and UWBCC1). Inverse-docking (Glide) and screening against twelve known cancer targets, followed by kinase activity profiling, led to the identification of seven compounds as potentially effective single, dual or multi-kinase c-KITs, CDK2 and mTOR kinase inhibitors. Inverse docking results showed that the carbonyl on the flavone core moiety interacts as a hydrogen bond acceptor with the Leu83 backbone, and a majority of the compounds bind with the catalytic domain in the same pose as Fisetin (the reference compound). Additionally, the 2-phenyl group makes π-π interactions with Phe80 and Glu81 amino acids.
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Figure 18: The chemical structures of diphenyl-1H-pyrazoles, pyrazolo-pyridines derivatives (74–77) showing excellent antiproliferative activity against CDK2 enzyme and schinileno (78) displaying best binding energy for CDK2 inhibition.
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Figure 19: The chemical structures of pyridine-3-carbonitrile derivatives (79–82), oxindole-benzofuran hybrids (83–85), 3-hydrazonoindolin-2-one scaffold (86), pyrrolizines bearing 3,4,5-tri-methoxyphenyl moiety (87–89), and flavonol-based analogs (90–92) as the potent CDK2 inhibitor.

Overall, the computational evaluation showed that analogs with a single, small substituent were able to maintain poses similar to those of Fisetin. However, similar binding poses with analogs bearing multiple or bulky substituents on the ring were reported to display different poses. Important residues for compound 90 (−8.39 kcal/mol) were Leu83 and Asp145; for compound 91 (−9.14 kcal/mol) were Glu81, Leu83, and Asp145; for compound 92 (−8.81 kcal/mol) were Glu81 and Leu83.

Cyclin-dependent kinase 4 (CDK4)

CDK4 is known to control the G1-S phase of the cell cycle primarily by inactivating the tumor-suppressive protein retinoblastoma in cancer cells, thus validating it as an anti-tumor target. Qayoom et al. (2022) targeted the CDK4 enzyme using analogs of palbociclib by utilizing molecular docking (AutoDock 4.2.6) and molecular dynamic (MD) simulation (Schrodinger). They retrieved 100 compounds from the PubChem database and evaluated their drug-likeness via Lipinski’s rule of 5 and SwissADME. After screening, the selected 87 compounds were subjected to molecular docking; further, two compounds, 93 and 94 (Fig. 20), which exhibited the highest binding affinity, were considered for MD simulation studies. MD results revealed significant stable patterns during the entire simulation run. As per molecular docking results, compound 94 showed the lowest binding energy of −9.6 kcal/mol and was strongly bound with CDK4. According to the molecular surface view, the binding cavity of Thr117 residue of CDK4 participated in the formation of a hydrogen bond with the ligand 94. In addition to hydrogen bonding residues, alkyl interactions with Arg72, Lys112, and Ile56 and π-alyl interactions with Pro118 were also observed as hydrophobic contacts. With a binding energy of −9.3 kcal/mol, 93 demonstrated noticeably higher CDK4 protein binding affinity, indicating a strong binding affinity for human CDK4. At the binding cavity of the protein, Glu70 and Lys123 residues form hydrogen bonds with ligand 93 and apart from that it also showed some van der Waals interactions. Here, in silico methods were used to screen out two potent compounds from 100 compounds (Qayoom et al., 2022). Reddy et al. (2022) proposed that the methyl β-orsellinate conjugates of 1,2,3-triazole hybrids could be effective anticancer leads in breast cancer therapeutics. They synthesized and characterized methyl β-orsellinate-based 1,2,3-triazole hybrids. SwissADME was employed to calculate the ADME and pharmacokinetic properties of the synthesized compound, and further, the docking studies were done by Autodock Vina. Docking studies also suggested significant interaction at the ATP binding site of the CDK4, which indicates that it might act as a potent competitive inhibitor of ATP. Their studies suggest that methyl β-orsellinate-based 1,2,3-triazole hybrids 95 to 105 (Fig. 21) can be promising leads as CdK4/Cyclin D1 inhibitors. Docking results further showed that 101 attaches to the ATP-binding pocket of CDK4 and interacts with Glu144 residue with the binding energy of −7.7 kJ/mol. Other than Glu144, compounds 95 to 105 showed interactions with essential amino acid residues, i.e., Ile12, Val20, Ala33, Phe93, Glu144, Leu147, and Ala157. They reported that the methyl beta orsellinate ring of 101 connected with Lys142 and Glu144, and the interaction with Ala33 stabilized the oxygen of the substituted R group -OCH3. Further, they conducted the cell cytotoxicity and proliferation assay and found that among all the compounds, 101 showed the highest proliferation activity, and the same was confirmed by docking. Also, compound 101 displayed a binding energy of −7.7 KJ/mol, which was reported to be higher in comparison to the reference flavopiridol (−6.31 kJ/mol). Thus, based on the outcome, they predict that 101 can act as a potent ATP competitive inhibitor (Reddy et al., 2022). Ashraf et al. (2022) identified mangiferin (106) (Fig. 22), a xanthonoid extracted from the bark and leaves of the mango tree, as a potential anticancer drug that targets CDK4. They perform molecular docking (AutoDock Vina) and MD simulations (AMBER16) along with molecular mechanics generalized-Born and surface area (MM-GBSA) calculations to validate the affinity between 106 and CDK4. The CDK4-106 complex shows four hydrogen-bond interactions between the ligand and the receptor pocket residues. They formed interaction via Val14, Val93, and Glu141 and showed binding energy of −7.8 kcal/mol. The positively charged Glu141 maintained the positive charge contact with the Lys139 residue. The complex was further stabilized by the hydrophobic interactions between the Gly13 and Val14 pair and the residues Gln95, Ala33, Leu144, His92, Ile12, and Val20. Gurushankar et al. (2021) identified baimantuoluoamide A and baimantuoluoamide B (107) (Fig. 22) from six alkaloid compounds based on the geometric mean value using the ChemoSophia software for their high activity probability of CDK4 inhibition.

[image: images]

Figure 20: The chemical structures of analogs of Palbociclib which were selected after screening based on docking studies for CDK4.
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Figure 21: The chemical structures of methyl β-orsellinate-based 1,2,3-triazole hybrids which act as potent CDK4 inhibitor.
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Figure 22: The chemical structures of most potent CDK4 inhibitor.

These two alkaloids were further subjected to molecular docking (AutoDock Vina), MD simulation (AMBER16), and MM-PBSA calculations (AMBER16). Based on the results of the in silico methods, 107 was found to be the hit molecule for CDK4 inhibition due to more negative binding energy, van der Waals and electrostatic interactions, and higher stability. The docking results for baimantuoluoamide A and B demonstrated that both ligands can bind in two distinct poses that are rotated by around 180 degrees to one another. The binding energies of the two positions for baimantuoluoamides A and B were −6.8 and −6.4 kcal/mol, respectively. They could retrieve similar binding energy and owing to that, they used both poses as the starting poses for conducting the MD studies. Compound 107 interacted with Val14, Val96, Leu147, His95, Val96, Gln98, Glu144 amino acid residues via hydrogen bonding. Liang et al. (2021) designed, synthesized, and characterized eighteen non-planar tetrahydro-β-carbolineanalogs based on the molecular skeleton of fascaplysin. Docking studies revealed that the spatial orientation of compound 108 (Fig. 22) at the binding pocket was quite similar to that of fascaplysin. Thus, they depict that the posed resemblance could be the primary factor for higher inhibitory effects than the other two produced compounds. The active pocket of fascaplysin contains amino acids His89, Val90, Asp91, Gln92, Ile9, Val17, Ala30, Val66, Phe87, Glu88, Asp93, and Leu141. Similarly, the binding site of compound 108 contained 14 residues, like, Val17, Ala30, Val66, Phe87, Ile9, Gly10, Val90, Asp91, Gln92, Asp93, Thr96, Glu138, Leu141, and Asp152. Ten residues that made up the binding site for compound 108 and fascaplysin were compared, and they observed the consistent binding site, which includes Ile9, Val17, Ala30, Val66, Phe87, Val90, Asp91, Gln92, Asp93, and Leu141. Further MTT assay indicated that compound 108 was a potential CDK4 inhibitor with IC50 of 1.03 ± 0.19 μM. The same outcome was observed in docking studies (Glide, Schrodinger) and MD simulation (AMBER16) (Liang et al., 2021). Li et al. (2021) synthesized and characterized a set of fluorine-substituted pyrrolo[2,3-d]-pyrimidine derivatives. These pyrimidine derivatives were tested for cytotoxic activity, and one of the compounds 109 (Fig. 23) showed superior activity on all the cancer cell lines and was further selected for in vitro and in vivo studies that showed improved preclinical in vitro and in vivo efficacy with the IC50 of 2.5 nM. Molecular docking, western blotting, and statistical analysis further confirmed compound 109 as a potent CDK4 inhibitor. They observed that in docking studies, Val96 and His95 were the backbone residues that showed hydrogen bonding interaction with the aminopyridine moiety of compound 109. They also revealed that the placement of carbamoyl substituents in the right places resulted in hydrogen bonding contact with the Arg101 residue. This deeper and closer binding of compound 109 to CDK4 resulted in a higher binding affinity for CDK4 than the reference ribociclib. From the docking outcome, they predicted that structural modification can alter the protein-ligand affinity (Li et al., 2021). Musa et al. (2021) isolated and characterized five flavonoids, i.e., luteolin, acacetin-7-O-β-D-glucoside, diosmin, kaempferol-3-O-rutinoside, and rutin from Bassia eriophora for their antiproliferative, and kinase inhibitory effects.
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Figure 23: The chemical structures of fluorine-substituted pyrrolo[2,3-d]-pyrimidine derivative (109), Luteolin (110) and kaempferol-3-O-rutinoside (111) as the potent CDK4 inhibitor.

Among them, luteolin exhibited a strong antiproliferative effect against certain cell lines, including MCF-7, HCT-116, and HepG2, with IC50 of 33.24 ± 0.83, 31.62 ± 1.32, and 26.54 ± 1.02 μM, respectively, whereas, diosmin and kaempferol-3-O-rutinoside showed highest antiproliferative activity against MCF-7 with IC50 of 26.56 ± 1.12 and 28.72 ± 0.98 μM. These compounds were further assessed by molecular docking (MOE) with Aurora B and CDK4, and among them, 110 (Luteolin) and 111 (kaempferol-3-O-rutinoside) (Fig. 23) displayed a high affinity to CDK4. With scoring energies of −19.3755 and −23.9667 kcal/mol, 110 and 111 showed a strong affinity for CDK4/CycD1, and their binding modes involved interactions with the residues Val96 and Ala16 in compound 110 and Val96, Lys35, Asp97, and Thr102 in compound 111. The putative antiproliferative mechanism of 110 and 111 on Aurora B and CDK4/CycD1 kinase was predicted by in silico study (Musa et al., 2021).

Cyclin-dependent kinase 6 (CDK6)

CDK6, also known as the central node, is the enzyme that controls the G1 phase of the cell cycle. Overexpression of CDK6 is responsible for causing many types of cancer, like colon, pancreatic, bladder, and oral cancer. Huang et al. (2022) synthesized and characterized a series of new N4-alkyl-N2-phenylpyrrolo[3,2-d]pyrimidine-2,4-diamine derivatives. Further, they used the sulforhodamine B method for the determination of in vitro anti-proliferative activity. Among all compounds, 112 was the most potent CDK6 inhibitor, which showed super antitumor activities against MDA-MB-468, MCF-7, and MKN-28 with IC50 of 2.09, 2.1, and 2.61 µM, respectively. Further, molecular docking (Discovery Studio 2.5) was performed on 112 to know the probable binding modes. They reported that similar to the reference Palbociclib, 112 (Fig. 24) binds to the ATP-binding pocket of CDK and forms hydrogen bonds with Val101 in the hinge region. They observed that the ribose-binding pocket of the natural ligand ATP was occupied by the cyclohexyl substituent of 112. The 4-methylpiperazin substitution was pointing out of the binding pocket toward the solvent region of the binding pocket. They reported that compound 112 only formed two hydrogen bonds with CDK6, which was less than Palbociclib. They predicted that this could be the reason behind the poorer CDK6 inhibitory activity of 112 in comparison to palbociclib (Huang et al., 2022). Baig et al. (2022) proposed that selonserin (113) (Fig. 24) can be used as a potent inhibitor of CDK6. To investigate the inhibitory potential and binding affinity of 113, they performed molecular docking (InstaDock), MD simulation (GROMACS), MM-PBSA calculations, and enzyme inhibition assay. They reported that 113 binds with CDK6 via active site residues Ala17, Ile19, Val27, Ala41, Lys43, Val77, Val101, Gln103, Ala162, Lue152, and Asp163. The binding score of compound 113 was observed to be −10.9 kcal/mol. They also conducted molecular dynamics simulations, and from dynamic analysis and free energy calculation, they suggested stable behaviour of the 113-CDK6 complex. The result of fluorescence binding studies and enzyme inhibition assay indicated an acceptable binding with an IC50 value of 9.8 µM. Thus, by in silico analysis, fluorescence studies, and enzyme inhibition assay, they represented molecule 113 as a promising candidate against cancer (Baig et al., 2022).
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Figure 24: The chemical structures of new N4-alkyl-N2-phenylpyrrolo[3,2-d]pyrimidine-2,4-diamine derivative (112), selonserin (113), and taurine (114) as the potent CDK6 inhibitor.

Yousuf et al. (2022) identified taurine (114) (Fig. 24) as a potential CDK6 inhibitor using combined in silico and experimental studies. Molecular docking (AutoDock Vina) was performed to find out the bonding affinity between protein-ligand complexes. The significant binding of 114 with CDK6 showed a docking score of −3.3 kcal/mol. They observed that 114 occupied the CDK6 binding pocket and not the ATP-binding site. They noted that CDK6 residues Asp145, Asp163, and Leu166 form strong interactions with 114 via hydrogen bonding. In addition, 114 displayed Van der Waals interactions with Tyr24, Asn150, and Phe164, whereas His143 forms a carbon-hydrogen bond in the docked complex. The favorable interaction between 114 and CDK6 was considered the reason for showing excellent binding affinity. This result was further confirmed by fluorescence measurement studies for the CDK6-114 complex. Enzyme inhibition assay showed the IC50 value of 4.44 μM, and isothermal titration calorimetric analysis indicated the spontaneous binding of taurine with CDK6 (Yousuf et al., 2022). Lotlikar et al. (2021) synthesized and characterized 10 Schiff’s bases of 2,7-diamino-2′-oxospiro[chromene-4,3′-indoline]-3-carbonitrile. These ten derivatives were screened in vitro for antibacterial and anticancer activities. Out of ten, only eight molecules were selected for further in-silico docking analysis. Molecular docking (Biopredicta module of V life MDS 4.6) showed excellent binding between CDK6 and all eight derivatives. Among all eight docked molecules, they selected one compound, i.e., 115 (Fig. 25), based on the higher docking score (−14.21 kcal/mol) and presence of the crucial interactions. Compound 115 displayed hydrogen bond interactions via Asp104 and Gln149 residues, hydrophobic contacts with Gly20 and Lys29, and Van der Waals interactions with Ala17, Glu18, Ile19, Gly20, Glu21, Lys29, Thr107, Gln149, Asn150, Leu152, Ala162, and Asp163. Further ADME prediction (SwissADME) of these derivatives showed no Lipinski rule violation, which shows suitability for the oral route. Thus, in vitro studies screened out viable eight molecules out of ten synthesized molecules and molecule docking further selected the most efficient one out of that eight molecules as the potent anticancer molecule (Lotlikar et al., 2021). Roy and Bhatia (2021) proposed that plumbagin (116) (Fig. 25), a naphthoquinone derivative from plumbagozeylanica roots, can be used as an anticancer agent for the inhibition of CDK6. For that, they performed molecular docking (AutoDock 4.2), MD simulations, and ADME analysis (SwissADME). With the help of molecular docking, they retrieved the binding mechanism and molecular interactions of 116 against CDK6. The molecular docking score of 116 with CDK6 was found to be −6.18 kcal/mol. A reference inhibitor (4-(Pyrazol-4-yl)-pyrimidine) was utilized to compare docking scores (−6.48 kcal/mol). The docking score proved that 116 was quite similar to the reference CDK6 inhibitor. In the docked complex, 116 forms hydrogen bonds with Glu99 and Val101 and hydrophobic contacts with Ile19, Lys43, His100, and Asp163. Favorable interactions with each of these residues clearly show that 116 binds to ATP in the same location as the reference Palbociclib. Further, they conducted simulation studies, MD simulation showed stability between them, and ADMET analysis showed no Lipinski rule violation (Roy and Bhatia, 2021). Yousuf et al. (2021) identified vanillin (117) (Fig. 25) as a potent CDK6 inhibitor by implying combined computational and biochemical studies. The binding mechanism of CDK6 and 117 was studied by molecular docking (Glide, Schrodinger) and MD simulation (GROMACS), and MM-PBSA calculations. The docked complex of 117 formed two hydrogen bonds between the hydroxyl groups and side chains of Lys43 and Glu99, similar to the ATP binding position. The free energy of binding was around −4.53 kcal/mol, and the theoretical inhibition constant was 477.1 μM. The results showed the favorable binding of 117 to CDK6 and acceptable binding free energy. Further from enzyme inhibition and fluorescence binding, they obtained promising values of binding constant (K) of 4.1 × 107 M−1 and IC50 value of 4.99 μM (Yousuf et al., 2021). Luo et al. (2021) identified two novel CDK6 inhibitors 118 (Fig. 25) and 119 (Fig. 26) from the libraries ChemDiv and ChemBridge as CDK6 inhibitors via screening. The drug libraries contain 50,000 drug-like compounds, which were screened using pharmacophore-based virtual screening (LigPrep Schrodinger), molecular docking (Glide Schrödinger), ADME prediction (QikProp Schrodinger), in vitro evaluation, MM-GBSA-based free binding energy analysis (Prime VSGB 2.0), and MD simulation (Desmond Schrodinger) (Luo et al., 2021). Molecular docking revealed that compound 118 had essential interaction with residues Glu99 and Val101 and compound 119 showed interactions with Val101. Ates-Alagoz et al. (2021) synthesized sixteen indole-thiazolidinedione derivatives as anticancer compounds. Among the synthesized, three molecules were found to possess favorable cytotoxicity on the MCF-7 cell line with IC50 values of 8.52 and 14.60 µM for compounds 120 and 121 (Fig. 26), respectively. These three were further screened out by molecular docking studies. Compound 120 displayed a binding affinity of −8.8 kcal/mol, and it showed two hydrogen bonds with Tyr24 and two additional hydrophobic interactions, which stabilized the complex. In addition to that, it showed a hydrogen bond with Gly20. With a binding affinity of −8.6 kcal/mol, molecule 121 displayed hydrogen bonding with Gln149 and Lys147. In addition to that, it showed one hydrogen bond formation with Ile19 and Gly20 (Ates-Alagoz et al., 2021).
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Figure 25: The chemical structures of the most potent CDK6 inhibitors.
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Figure 26: The chemical structures of the most potent CDK6 inhibitors.

Conclusions and Perspective

Cancer has become a serious threat to human life. As per the cancer statistics, the number is increasing each year, thus, making it a grave problem in today’s world. Many groups are working in the direction of developing new drug molecules; however, the investigation of drugs at the molecular level and their interaction with enzymes is still unexplored, thus, making drug discovery a time taking and expensive process. Hence, the use of computational methods can give an edge to the research. Among various in silico tools, molecular docking is one of the popular tools which helps in the virtual screening, prediction of drug target, binding site, and binding pose of the molecule. Despite its drawback in the algorithm to treat protein backbone flexibility, the docking calculations are performed in combination with experimental and/or simulation studies. In recent years, both academic and professional contexts have used molecular docking extensively as a quick and affordable tool. There is still no easy and accurate way to quickly identify real ligands among a group of molecules or to precisely locate the ligand conformation inside the binding pocket of the target molecule. Despite this, new methods are always being created, and the number of publications is expanding quickly. Over the past years, significant progress has been made in the development of anti-proliferative drugs with CDKs as the prospective target. Some FDA-approved CDK4/6 and single isoform CDK9 inhibitors (third-generation) have shown selectivity in the inhibition of breast cancer-causing CDK enzyme. In the current review article, we observed that many researchers had implemented molecular docking calculations in finalizing the molecules as anticancer compounds. Also, the structural and functional properties of the recently developed CDK inhibitors have been summarized in this article. We observed that the inhibitors discussed in the current work can be categorized into groups based on the structure of their scaffolds. The group include pyrimidines, pyrazoles, purines, coumarins, flavonoids, indoles, quinazolines, and oxindoles as the common chemical moiety in the synthesized anticancer compounds. Few of the synthesized compounds like 1 (for CDK1), 26, 27, 28, 37, 40, 51, 73, and 75 (for CDK2), 108 (for CDK4), and 112, and 119 (for CDK6) displayed promising cancer inhibition and anti-proliferation activity. It is obvious from the structures of anticancer compounds that they contain polar groups like alcohols, amides, imine, amine, ester, and ether, along with the fused five to a six-membered aromatic ring containing nitrogen heterocycles. Moreover, along with these mentioned groups, some compounds contain pharmacophores of chloride, fluoride, bromide, and sulfur within the ring or linker or oxides. The substitution of the polar groups (amines, imines, esters, etc.) plays an important role in forming interaction with the receptor. Molecular docking studies established that these compounds form interactions in the ATP binding pocket of CDK enzymes. Inhibitors active against CDK1 enzyme display interactions with Asp86 amino acid, which is crucial for ATP binding. Apart from Asp86, the CDK1 inhibitors also showed hydrogen bonding interactions with the hydrophilic region (Glu12 to Tyr15), polar region (Asp128, Lys130, Gln132, and Asn133), and fragment region of CDK1 enzyme (Phe80 to Leu83). CDK2 displayed interaction via Leu83, Asp86 and Lys89. CDK4 form bonds with Val196, and CDK6 form a hydrogen bond with common Val101 and Glu99 residues. We believe that the current report will help the readers to understand the scaffolds implemented in anticancer drug discovery and the role of molecular docking in revealing their mechanism of action within the cell cycle CDK enzymes. We hope that the findings presented here will help readers to better understand the nature of inhibitor-target interactions and provide information on the structural and molecular requirements needed to achieve the necessary selectivity against CDKs over other types of kinases. We have also observed that CDK2 is a highly explored drug target when compared to other cell cycle enzymes. Moreover, several crystallized protein-ligands complexes reported in the RCSB database belong to the CDK2 enzyme only; thus, several in silico studies are reported on it. In comparison to CDK2, all other cell cycles CDKs are moderately explored, and very few crystallized complexes are reported, thus, limiting the in silico studies. To implement the computer-aided drug design, the issue of these scarcities must be resolved.
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