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A B S T R A C T   

Cancer is one of the major causes of global deaths and needs immediate therapeutic development. So far, several 
strategies have been undertaken to prevent cancer, including kinase targeting by small-molecule inhibitors. 
Cyclin dependent kinase 6 (CDK6) plays an essential role in cancer progression and development as its over
expression is associated with tumor development and progression. The present study demonstrated that Nar
ingenin (NAG) binds strongly to CDK6 with a binding affinity of − 7.51 kcal/mol. ATPase assay of CDK6 in the 
presence of NAG shows that it inhibits CDK6 with an IC50 = 3.13 μM. Fluorescence and isothermal titration 
calorimetry studies demonstrated that NAG binds to CDK6 with the binding constant (K) values of 3.55 × 106 

M− 1 and 7.06 ± 2.70 × 106 M− 1, respectively. The cell-based functional studies showed that NAG decreases the 
cell viability of human cancer cell lines, induces apoptosis, and reduces their colonization ability. Outcomes of 
the present in silico and in vitro studies highlighted the significance of NAG for the development of anti-cancer 
leads in terms of CDK6 inhibitors and provided future implications for combinatorial anti-cancer therapies.   

1. Introduction 

Human cells share the standard features of cell growth and survival, 
but the mechanisms of action and their development process are 
different. Proper coordination is found in cell proliferation and devel
opment [1,2]. Several proteins are involved in various cellular signaling 
pathways that maintain cell growth, survival, and development [3]. 
Post-translational modification is one of the most important processes 
required for the structural and functional activities of the proteins [4]. 
Accumulation of mutations is usual process during the cell division. But 
sometimes mutations changes a protein’s structure and function, 
causing the alterations in several cellular pathways and are responsible 
for developing disease conditions [5–8]. 

Phosphorylation is a post-translation modification process carried 
out by protein kinases [9]. More than 80 % of cellular pathways are 

regulated by protein kinase. CDKs belong to the Ser/Thr family of pro
tein kinases that maintain cell growth and development [10]. Several 
checkpoints are available for the orderly transition from one stage to 
another cell cycle stage [11,12]. CDK6 interacts with other partner 
molecules during the first cell cycle stage and controls cell proliferation. 
CDK6 interacts with Cyclin-D and activates it reversibly during cell 
growth and development. CDK6 inactivates the retinoblastoma (RB), a 
tumor suppression protein, through phosphorylation and regulates cell 
cycle progression [13,14]. Hyper phosphorylation of RB protein leads to 
the dissociation of the Rb-E2F complex. The freeform of E2F (Eukaryotic 
Transcription Factor) directly regulates all signaling pathway respon
sible for the cell cycle transition from G1 to S phase. In most cancers, the 
aberrant activation of CDK6 is observed [14,15]. Upregulation of CDK6 
is responsible for the permanent activation of the Rb-E2F pathway in an 
irreversible manner that results in continuous growth and development 

Abbreviations: CDK6, Cyclin dependent kinase 6; ITC, Isothermal titration calorimetry; NAG, Naringenin; MM/GBSA, Molecular Mechanics/Generalized-Born 
Surface Area; DCCM, Dynamic cross-correlation matrix. 

* Corresponding authors. 
E-mail addresses: aeelasbali@ju.edu.sa (A.M. Elasbali), mihassan@jmi.ac.in (Md.I. Hassan).  

Contents lists available at ScienceDirect 

International Journal of Biological Macromolecules 

journal homepage: www.elsevier.com/locate/ijbiomac 

https://doi.org/10.1016/j.ijbiomac.2022.06.013 
Received 29 April 2022; Received in revised form 28 May 2022; Accepted 5 June 2022   

mailto:aeelasbali@ju.edu.sa
mailto:mihassan@jmi.ac.in
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2022.06.013
https://doi.org/10.1016/j.ijbiomac.2022.06.013
https://doi.org/10.1016/j.ijbiomac.2022.06.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2022.06.013&domain=pdf


International Journal of Biological Macromolecules 213 (2022) 944–954

945

of cancer cells [16]. Besides this, upregulation of CDK6 helps in meta
bolic switching by inhibiting glycolysis and activating other metabolic 
pathways. One of them is the pentose phosphate pathway (PPP), the 
serine pathway that prevents the cancer cell from skipping the apoptotic 
pathways [17,18]. These studies suggest that CDK6 targeting using 
small molecular inhibitors is a potential therapeutic approach to 
develop cancer therapies. 

According to the known hallmarks of cancer, the FDA has approved 
several drugs to treat cancer [19]. To inhibit the cell proliferation in 
cancer cells, abemaciclib, palbociclib or ribociclib are used for the CDK6 
targeted anti-cancer therapies. These drugs interact with CDK6 and 
prevent the cell transition from G1 to the S phase cell cycle [20,21]. Due 
to continuous mutations and CDK6 over expression cancer cells develop 
drug resistance and possess RB in inactive state (phospho-RB or RB null) 
[22,23]. Abemaciclib, palbociclib, or ribociclib drugs are only effective 
against the RB+ cancer cells. So more exploration is required for the 
development of CDK6-directed cancer therapies. 

Natural products are used in traditional /folk medicine-based cancer 
therapies for several decades [24–28]. Secondary metabolites of plants 
are the source of polyphenolic compounds, including flavonoids. Several 
studies reported that flavonoids have anti-cancer activity. They act as 
anti-carcinogen and prevent the proliferation of cancer cells [29–32]. 
Several flavonoids are isolated from the plants and checked for their 
anti-cancer effect on cancer cells to identify the mechanism of action. 
Recent studies suggest that flavonoids act as anti-oxidant molecules that 
regulate ROS production, leading to cell apoptosis in cancer cells, and 
preventing DNA damage from the cellular oxidation process in normal 
cells [33,34]. 

Naringenin (NAG) is a flavonoid, widely distributed in several fruits 
and vegetables such as citrus, tomato, and bergamot [35–38]. In vitro 
and in vivo studies suggest that NAG shows anti-oxidant and anti- 
inflammatory activity and can be used to treat hepatitis, lung injury, 
diabetes, atherosclerosis, obesity and cancer with minimum systematic 
cell toxicity [39–47]. Preclinical studies showed that NAG could be used 
to treat most cancers, including prostate, breast, pancreatic, gastric, and 
lung cancer [48,49]. NAG targeting the signaling pathways of the AKT, 
ERK, RTK receptor, NF-κB, TGF-β1, and MAPK, induce apoptosis and 
prevent cancer cell proliferation [47,50–52]. In some cancer types such 
as breast cancer, NAG reverts multi-drug resistance properties of cancer 
cells [53–55]. Although NAG efficacy against tumor growth and 
metastasis is well-established, the mechanism of action is still 
unexplored. 

Furthermore, cellular and molecular level studies are required to 
reveal the intracellular target molecules of NAG for cancer treatment. It 
would provide newer insights into the anti-cancer activity of NAG. 
Studying the binding of NAG to the CDK6 offers a better understanding 
of the mechanism of action. 

NAG interacts with CDK6 and subsequently inhibits the proliferation 
of cancer cells. Previously, we have reported the antitumor activity of 
NAG as a pyruvate dehydrogenase kinase (PDK) inhibitor [56]. How
ever, the present study focused on the anti-cancer activity of NAG 
against CDK6, establishing that NAG also targets CDK6 and can be used 
to develop multi-targeted anti-cancer therapies. In-silico and in-vitro 
experiments were performed to investigate the interaction pattern, 
binding constant, and stability of the CDK6 with NAG. 

2. Materials and methods 

2.1. Chemical and reagents 

Pure Yield™ Plasmid Midi prep System (Cat no. A2495) and PCR 
Clean-Up System (Cat no A9281) for the Plasmid isolation and gel 
extraction, respectively, were procured from Promega Corporation 
Madison, USA. Fast digestion Restriction endonuclease NcoI, XhoI, and 
ligation enzyme were purchased from Thermo Fisher Scientific (USA). 
DifcoTM LB broth Miller for bacterial growth culture was obtained from 

BD Biosciences (USA). Kanamycin sulfate was obtained from Duchefa 
Biochiem (Netherlands). IPTG (Isopropyl β-D-1-thiogalactopyranoside), 
PMSF (Phenylmethylsulfonyl fluoride) and NAG were purchased from 
MP biomedical (USA). 

2.2. Cloning expression and purification 

pC-DNA containing CDK6 gene was procured from Harvard Medical 
repository unit (USA) and amplified by specific primers through PCR 
(Thermal cycler-Bio Red). PCR amplified product of CDK6 gene has NcoI 
and XhoI restriction digestion sites on both ends. Digested CDK6 gene 
was ligated into the pET28a + prokaryotic cloning vector. Restriction 
digestion and DNA sequencing methods were used to verify the final 
clone. CDK6 clone was transformed into E. coli BL21 (codon+) bacterial 
cells and kanamycin were used as selection markers. Overnight bacterial 
culture (Primary culture) was grown at 37 ◦C till the OD600 reached 0.6. 
IPTG-induced bacterial culture was incubated for 16 h at 18 ◦C. The next 
day culture was subjected to centrifugation (10,000 rpm) for 10 min. We 
purified the CDK6 protein from Inclusion bodies (IBs) by Ni-NTA column 
chromatography as per our standard protocol [57]. A kinase activity 
assay was performed to check the activity of purified protein. 

2.3. Fluorescence based binding assay 

To study NAG binding affinity and pattern with CDK6 protein, a 
fluorescence binding experiment was performed using Jasco spectro
fluorimeter (FP-6200) containing thermostat Peltier device to maintain 
the temperature at 25 ± 0.1 ◦C. A fluorescence experiment was carried 
out in a 5 mm quartz cuvette. CDK6 was excited at 280 nm, and emission 
spectra were recorded between 300 and 400 nm [1]. The emission and 
excitation slit widths were fixed at 10 nm at the medium response. The 
stock solution of NAG was prepared, and purified CDK6 protein was 
titrated (0–9 nM). Fluorescence quenching data was evaluated using 
earlier published protocols’ modified Stern Volmer equation [2] (Eq. 
(1)) as described below: 

log
F0 − F

F
= logK + nlog[C] (1) 

F0 and F refer to fluorescence intensity in the absence and presence of 
ligands. The binding constant and the number of binding sites are rep
resented by K and n. The concentration of ligand is represented by C. 

2.4. Kinase inhibition assay 

ATPase assay was performed to determine the kinase activity of 
CDK6, which depends on the free form of inorganic phosphate (Pi) 
released during the hydrolysis of ATP. To optimize the CDK6 protein and 
ATP concentrations, we first used the fixed amount of ATP and varied 
the CDK6 protein concentrations (1–10 μM). After optimizing the pro
tein concentration, kinase activity was measured at different concen
trations of ATP (50–200 μM) with constant protein (5 μM) 
concentration. Positive control of protein was also used to measure the 
concentration of Pi released by the hydrolysis of ATP [58,59]. To 
determine the effect of drug molecules on the CDK6 kinase activity, we 
perform the experiments in the presence of gradually increasing NAG 
concentrations [57,60,61]. 

2.5. Isothermal titration calorimetry 

The isothermal titration calorimetry (GE, MicroCal, USA) experi
ment was performed to measure the binding affinity of NAG with the 
CDK6. Briefly, the purified CDK6 protein and the NAG were dissolved in 
the dialyzed buffer (25 mM Tris pH 8.0, 200 mM MgCl2) and adequately 
degassed. The sample cell contained a 20 μM concentration of CDK6 
protein (2 ml), while a 200 μM concentration of NAG (0.5 ml) was 
present in the syringe. There was a programmed titration, in which the 
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first injection of 5 μl was a false one, followed by successive injections of 
10 μl ligand into the sample cell with spacing set at 180 s. The MicroCal 
Origin 8.0 was used to analyze the stoichiometry of binding (n), 
enthalpy change (ΔH), and an association constant (Ka) [62,63]. 

2.6. Protein-ligand docking system set-up 

The 2.1 Å crystal structure of CDK6 protein (PDB code: 3NUP https: 
//www.rcsb.org/structure/3NUP), was downloaded from the Protein 
Data Bank. Schrödinger package [64] was used to perform all pre
liminary removal of crystallographic water, hydrogens atoms addition, 
setting of charge to neutral pH (7.0), and identifying appropriate ioni
zation states for all amino acid residues in the CDK6 structure. 

The structure of NAG with PubChem CID number 932 was retrieved. 
Schrödinger’s LigPrep module was chosen to prepare the NAG structure 
following the additions of accurate hydrogen atoms and optimizing the 
orientation. The extra precision mode of the Glide module [62] in 
Schrödinger accounted for molecular docking findings. Receptor grid 
was created with coordinates of X = 22.86 Y = 36.11 Z = − 8.56; having 
proportions of 10 × 10 × 10 Å. As molecular docking is a preliminary 
assessment to explore the mode of binding of any compound. Further 
molecular dynamics simulation studies were performed to observe the 
structural changes in CDK6 protein. 

2.7. Molecular dynamics simulations 

For MD simulation studies, GPU accelerated simulation engine 
PMEMD encrypted in the Amber-18 package [65] was accessed from 
Super Computing Facility. The most recent force-field employed for 
Amber’s package i.e., FF14SB [66] was utilized to parametrize the 
structure of CDK6 in complex with NAG. TIP3P [66] water box and LEaP 
module [67] employed in Amber 18 was utilized for ion solvations. 
Equilibration was performed for 500 ps having 300 K heating temper
ature. Finally a 200 ns of MD simulations was achieved for the complex 
and apo CDK6 protein to analyze the structural changes in the protein. 
The detailed methodolgy have been published in our recent publication 
[58,59]. 

2.8. Post-MD simulation dynamic trajectories analysis 

The CDK6 and NAG-CDK6 complex trajectories were evaluated using 
the CPPTRAJ component [68] of Amber 18 package. The structural 
changes in CDK6 protein were observed in calculating RMSD, RMSF, Rg, 
SASA, formation of hydrogen bonds, and matrix of amino acid residues. 
Generating the 2-dimensional graphs from the MD trajectories were 
achieved by the Origin plotting tool [69]. 

2.9. Thermodynamic free energy calculations 

To calculate the total and comparative binding free energies of the 
NAG-CDK6 complex, the Molecular Mechanics/Generalized-Born Sur
face Area (MM/GBSA) method was incorporated [70]. All counter ions 
and solvents were stripped using the CPPTRAJ module of Amber 18. The 
binding free energies were measured for the NAG-CDK6 complex as 
below: 

ΔGbind = Gcomplex − Gprotein − Gligand (2) 

ΔGbind (free energy) is calculated from the below equations: 

ΔGbind = ΔEgas +ΔGsolvation − TΔS (3) 

Where, 

ΔEgas = ΔEint +ΔEvdw +ΔEelec (4)  

ΔEint = ΔEbond +ΔEangle +ΔEtorsion (5)  

ΔGsolvation, = ΔGpolar +Gnonploar, (6)  

ΔGnonploar = γΔSASA+ β (7) 

The TΔS is the modification in entropy of ligand binding, which was 
neglected at this point as it has been observed that the results of entropic 
influence are frequently not essential when taking binding affinities of 
ligand (Eq. (3)). The gas-phase energy (ΔEgas) is the sum of internal 
(ΔEint), van der Waals (ΔEvdW), and Coulombic (ΔEelec) energies (Eq. 
(4)). The internal energy (ΔEint) is the energy connected with the vi
bration of bonds, angles and rotation of single bond torsional angles (Eq. 
(5)). The free solvation energy (ΔGsolvation) is the aggregate of polar 
(ΔGpolar) (Gnonploar) and non-polar (Gnonploar) contributions (Eq. (6)). 
The contribution of polar solvation (ΔGpolar) was measured using the 
Generalized Born (GB) solvation. However, the non-polar free energy 
(ΔGnonploar) contribution was assessed with Eq. (7). 

2.10. Cell viability studies 

A standard MTT assay was performed to see the effect of NAG 
treatment on the cell viability of A549 and MCF-7 as described [57,61]. 
The MCF-7 and A549 cells are routinely cultured in DMEM media sup
plemented with 10 % FBS and 1 % antibiotic cocktail solution. The cells 
were not grown for >20–30 passages and routinely checked for myco
plasma contamination to maintain cultural homogeneity. To perform 
cell viability studies, cells were seeded at a density of 3000–4000 cells/ 
wells in a 96-well cell culture plate and following overnight growth; the 
cells were treated with NAG (0–1000 μM) for 72 h. Following the in
cubation time (after 72 h), 10 μl of MTT (from 5 mg/ml stock solution in 
PBS, pH 7.4) was added to each well of the plate and further incubated at 
37 ◦C for 3–4 h. The mixture of culture media and MTT were aspirated 
carefully, and the resulting purple formazan was dissolved by adding 
100 μl of DMSO. The absorption of the final product was recorded at 570 
nm and used to estimate percentage cell viability. 

2.11. Colony formation studies 

To access the effect of NAG on the clonogenicity of A549 and MCF-7, 
the cells were seeded (nearly 1000–1200 cells/well) in a 6-well cell 
culture plate. The cells were allowed to grow for 24–48 h, and each cell 
type was incubated with 50 μM and 100 μM NAG for 10–12 days (at 
37 ◦C, in a 5 % CO2 incubator). The control cells were treated with media 
only or vehicle control. On completing the experiment, the final colonies 
in each treatment group were fixed through 100 % methanol and stained 
with crystal violet. ImageJ software quantified the colony count 
(https://imagej.nih.gov/ij/) and plotted it for comparative analysis. 

2.12. Annexin-V/PI staining 

Annexin-V/PI staining was used to see the apoptotic potential of 
NAG as described [61,71]. Cells were seeded in 60 mm cell culture 
dishes, and once they reached 50–60 confluency, they were treated with 
the NAG or vehicle control for 48-72 h. The cells were trypsinized, 
washed twice with PBS, and collected for staining following the NAG 
treatment. The collected cells were stained with annexin-V-Cy5/PI (BD- 
Biosciences, San Jose, USA) and analyzed using flow cytometry. 

3. Result and discussion 

3.1. Molecular docking 

To analyze the interactions of NAG with CDK6 using molecular 
docking, we optimized the three-dimensional structure of NAG using 
various parameters. An improved orientation of NAG was attained in the 
active site of CDK6 with enhanced energies of the NAG-CDK6 complex. 
NAG reported considerable binding energy and thus suggested as a 
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Fig. 1. (A) Structural representation of CDK6 enzyme (schematic view) in complex with NAG (color by atom name). (B) Close-up view of the binding site and binding 
site residues of CDK6 with NAG. 

Fig. 2. Docked pose of NAG and molecular interactions of NAG with the binding site of CDK6 enzyme.  
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potential inhibitor of CDK6. Fig. 1 illustrates the output from docking 
findings of NAG with CDK6. The NAG-CDK6 complex showed a 
considerable docking score of − 7.51 kcal/mol. As shown in Fig. 2, one 
benzene ring of NAG is involve in binding to CDK6. This ring formed 
various Pi-alkyl and hydrogen bonds. One hydroxyl group of this ring 
produced two hydrogen bonds with Glu99 and Val101 residues of CDK6. 
It has also created a network of five Pi-alkyl interactions with Val27, 
Ala41, Val77, Leu152 and Ala162. Two more hydrogen bonds were 
formed with other hydroxyl groups of NAG to Lys43 and Asl163 amino 
acid residues. These interactions are significantly trustworthy in binding 
NAG with CDK6 protein with a favorable binding score. Based on these 
preliminary findings, we decided further to explore the binding mech
anism of NAG with CDK6. 

3.2. Post-dynamics trajectories analysis 

MD simulations were perfromed to investigate the output of docking 
results [69]. Structural changes were observed in the trajectories 
attained after 200 ns of MD simulations in all the structural analyses 
[72–75]. The deviations in RMSD values exposed conformational 
changes in CDK6 protein after NAG binding. Fig. 3A signifies that after 
40 ns, the NAG-CDK6 complex was stabilized and reached convergence. 
However, the apo CDK6 was stabilized after 40 ns, but fluctuations can 
be noted again from 80 to 130 ns. NAG-CDK6 complex exposed the 
minimum RMSD value of 1.89 Å, while CDK6 showed a 2.09 Å score 
individually. Huge motions in the fluctuations of CDK6 protein were 
seen, particularly from 80 to 130 ns, before the system reached 
convergence. As seen from the figure, a stable and steady NAG-CDK6 
complex was observed during the whole 200 ns MD trajectories. This 
finding favors the NAG-CDK6 complex binding by showing the least 

changes in Cα backbone atoms. Further calculations on these trajectories 
were believed consistent after this structural analysis. 

We calculated RMSF for both the systems after the RMSD analysis. 
The notable fluctuations in amino acid residues of CDK6 and NAG-CDK6 
complex are shown in Fig. 3B. Higher Cα RMSF scores between 140 and 
170 residues were seen in the CDK6 protein; however, similar residues 
were not fluctuating much in the NAG-CDK6 complex. The total score of 
RMSF in CDK6 was 12.79 Å, but in NAG-CDK6, it was 11.15 Å. The 
highly fluctuated residues from 85 to 93 in NAG-CDK6 were observed. 
These contribute to the binding of NAG to CDK6 protein by exhibiting 
high mobility in MD simulations, signifying enhanced binding of NAG. 

Rg was determined for the residues to examine the solidity of CDK6 
protein prior and when NAG binds to CDK6 protein, as displayed in 
Fig. 3C. The 2D plot indicates that both CDK6 and NAG-CDK6 complex 
showed compact performance. A slight difference can be noted between 
these two systems. CDK6 offers an Rg value of 20.19 Å, and NAG-CDK6 
showed 20.11 Å. This finding proposed better compactness and 
improved function of NAG after binding to CDK6 protein. 

Time-dependent SASA was assessed for the CDK6 and NAG-CDK6 
complex from the MD simulations [76]. A precise evaluation of SASA 
is essential in observing changes associated with natural compounds like 
NAG [77]. Overall values of SASA for CDK6 and NAG-CDK6 complex 
were measured from the resultant trajectories, and the 2D plot for this 
analysis is shown in Fig. 3D. The 14,251 Å2 SASA score was noted in the 
NAG-CDK6 complex after the complex was exposed to the solvent. A 
slight increase in the SASA value of CDK6 protein with 14,289 Å2 was 
reported related to the NAG-CDK6 complex. The NAG-CDK6 showed a 
better value of SASA. The overall SASA values from the resulting tra
jectories indicate the folding and unfolding orientations of the NAG- 
CDK6 complex and suggest enhanced exposure of NAG to solvent with 

Fig. 3. Structural dynamics of CDK6 apo (black color) and NAG bound CDK6 (red color) enzyme. (A) RMSD, (B) RMSF, (C) Rg values, and (D) SASA values across Cα 

backbone in Å of apo CDK6 and NAG –CDK6 complex in Å across Cα backbone of all the two conditions calculated after 200 ns of MD trajectories. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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superior inhibitory activity than apo CDK6. 

3.3. Hydrogen bond analysis 

Hydrogen bond analysis for intramolecular and intermolecular in
teractions is significant in the stable complexation. Overall numbers of 
intramolecular hydrogen bonds in the NAG-CDK6 complex were noted 
between 90 and 179, whereas 121–185 in CDK6, as displayed in Fig. 4A. 
The total number of intramolecular hydrogen bonds presented in apo 
CDK6 protein was lower than the NAG-CDK6 complex. We calculated 
the intermolecular hydrogen bonds for the NAG-CDK6 complex only, as 
shown in Fig. 4B. The numbers of hydrogen bonds in the NAG-CDK6 
complex were 4 to 18, supported by the molecular docking analysis. 
This analysis accompanies all previous structural investigations [77]. 

3.4. Dynamic cross-correlation matrix 

Dynamic cross-correlation matrix (DCCM) for the negative and 
positive correlation of all the amino acid residues for CDK6 and NAG- 

CDK6 complex were measured as shown in Fig. 5. The structure of 
CDK6 protein was distributed into numerous groups through positive 
and negative residual activities. Fig. 5A illustrates the residual activities 
that were highly negative and less positive in apo CDK6 protein in the 
resultant trajectories. The bound complex of NAG-CDK6 formed various 
correlated and less anti-correlated residual activities as distinguished 
from Fig. 5B. Noteworthy changes were observed in the NAG-CDK6 
complex with highly correlated residual movements. In the structure 
of apo CDK6 protein, amino acid residues from 135 to 265 revealed the 
most anti-correlated residual movements, indicative of non-inhibitory 
activity of CDK6 protein without NAG. On the other side, exception
ally positive (red color) activities were observed from residues 1–45 and 
266–290 in the NAG-CDK6 complex, indicating improved NAG inhibi
tion to CDK6 protein. 

3.5. MM/GBSA free binding energy analysis 

Established from the trajectories, MM/GBSA energy calculations can 
provide detailed interpretations of the ligand binding to its target 

Fig. 4. Hydrogen bond analysis. (A) Intramolecular hydrogen bonds in apo (black color) and NAG-CDK6 complex (red color). (B) Intermolecular hydrogen bonds in 
NAG bound CDK6 complex calculated after 200 ns MD simulation. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 5. Dynamics cross-correlation matrix analysis; (A) Apo CDK6 enzyme and (B) NAG-CDK6 complex calculated after 200 ns of MD trajectories.  
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protein. This bound ligand can offer stable conformation to its corre
sponding protein. This analysis is critical to determine the binding af
finity of NAG in complex with CDK6 protein to assess the function of 
NAG on CDK6 inhibition. The outcomes are presented in Table 1. 
Binding free energy (ΔGbind) of NAG-CDK6 complex was noted with a 
− 45.36 kcal/mol digital value and is the most negative energy. Other 
free energy components were assessed to illustrate the relationship be
tween ligand-protein binding. 

Significant contributions were achieved from the van der Waals and 
electrostatic energies in the NAG-CDK6 complex with binding scores of 
− 41.24 and − 48.38 kcal/mol. The resulted electrostatic energy was 
more negative than the van der Waals energy. A considerable difference 
of − 7.14 kcal/mol was calculated between this complex among these 
two energies. The ΔGgas was the most negative energy in the NAG-CDK6 
complex, with a − 72.68 kcal/mol score. In the bound complex, ΔGsol 
was the second most positive energy with a 64.35 kcal/mol score. The 
solvation energy was revealed as lower than the polar energy with 
68.59 kcal/mol value. The least negative energy value of 4.24 kcal/mol 
was observed in the non-polar phase of the energy in the NAG bound 
complex. This discovery offers a valuable input in exploring the binding 
mechanism of NAG to CDK6 protein. 

3.6. Fluorescence measurements 

It was apparent from the above deployed computational approaches 
that NAG binds to CDK6, forming a stable complex. Thus, the next aim 

was to find if these observations are also validated by in vitro ap
proaches. Fluorescence assay determine the actual binding affinity of 
NAG to CDK6. CDK6 was cloned, expressed, and purified (Fig. S1). CDK6 
was titrated with increasing NAG concentrations. There was a decrease 
in the fluorescence of CDK6 with an increasing concentration of NAG, 
indicating that NAG binds to CDK6, forming a stable complex. This 
decrease is known as fluorescence quenching, and the obtained 
quenching data was put into the modified Stern-Volmer equations 
(Fig. 6A) to find the binding parameters of the CDK6-NAG complex. NAG 
binds to CDK6 with a binding constant (K) of 3.55 × 106 M− 1. This 
magnitude of the binding constant correlates with the binding constant 
reported earlier for other protein-ligand complexes, revealing the strong 
binding of NAG to CDK6. 

3.7. Isothermal titration calorimetry 

After we ascertained the actual binding affinity of NAG to CDK6 
employing fluorescence assay, we next used ITC, one of the most sen
sitive techniques to study the interaction process. ITC provides valuable 
information regarding the mechanism of binding ligand to the protein 
finding the associated thermodynamic parameters of the system [78]. 
Fig. 6B depicts the ITC isotherm for the CDK6-NAG system obtained 
upon the titration of 200 μM NAG into 20 μM CDK6. The obtained 
isotherm advocates the spontaneous binding of NAG to CDK6. The 
positive heat deflection reveals the endothermic nature of the reaction. 
The upper panel shows the raw data obtained from the consecutive 

Table 1 
MM/GBSA-based binding energy profile of CDK6 in complex with NAG.  

Complex ΔEvdW ΔEele ΔGgas ΔGpolar ΔGnonpolar ΔGsol ΔGbind 

CDK6-NAG − 41.24 − 48.38 − 72.68 68.59 − 4.24 64.35 − 45.36  

Fig. 6. (A) Modified Stern-Volmer plot of CDK6-NAG system. (B) ITC profile of CDK6-NAG system. (C) Kinase assay of CDK6 in the presence of varying NAG 
concentrations. 
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injections of NAG into CDK6. 
In contrast, the lower panel shows the binding curves attained after 

subtraction of heat of dilutions. Ka was found to be 706 ± 2.70 × 104 

M− 1 indicating significant binding of NAG to CDK6. Many pieces of 
literature have reported that there might be variations in the obtained 
binding parameters from fluorescence spectroscopy and ITC. The 
apparent reason for these variations is that fluorescence spectroscopy 
measures local changes around fluorophores while ITC measures global 
changes in the protein [79]. 

Table 2 below shows the binding and thermodynamic parameters 
calculated by isothermal titration calorimetry. 

Table 2 
Binding and thermodynamic parameters of CDK6-NAG system obtained from 
ITC.  

Ka (association constant) 
M− 1 

ΔH (enthalpy change) 
cal/mol 

ΔS 
(cal/mol/deg) 

Ka = 706 ± 2.70 × 104 ΔH = 8.93 × 105 ± 3.01 × 107 ΔS= 3.01 × 103  

Fig. 7. NAG modulates the viability, apoptosis, and colonization of human cancer cells. (A) NAG decreased the viability of A549 and MCF-7 cells in a dose-dependent 
manner as assessed by MTT-assay following the 72 h treatment. (B) Flow cytometry analysis of the apoptotic potential of NAG in A549 and MCF-7 cells. The cells 
were incubated with NAG for 72 h, and following the treatment, the cells were stained with annexin-V/PI to see the apoptosis induction through flow cytometry. (C) 
Quantification of apoptosis in NAG treated A549 and MCF-7 cells (from n = 3 biological replicates). (D) Colony formation assay for A549 and MCF-7 cells under 
different concentrations of NAG. (E) The number of colonies as quantified in control and NAG treated A549 and MCF-7 cells. Significance of analysis was represented 
by t-test, *, p < 0.05; **, p < 0.01. 
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3.8. Enzyme inhibition assay 

We confirmed the actual binding of NAG to CDK6 using fluorescence 
and ITC experiments. The next aim was to estimate the kinase activity of 
CDK6 in the presence of increasing NAG concentrations. The kinase 
activity of native CDK6 was taken as 100 % for reference purposes. 
Fig. 6C shows the kinase activity profile of CDK6 in the presence of 
varying NAG concentrations. A decrease in the kinase activity of CDK6 
was observed with a corresponding increase in NAG concentrations. This 
decrease implies that NAG inhibits the kinase activity of CDK6. Hence, 
this inhibition effect can help to manage the disease driven by over
expression of CDK6. IC50 was 3.13 μM, suggesting NAG is a strong CDK6 
inhibitor. Earlier studies have established other natural compounds as 
CDK6 inhibitors [57,60], and the IC50 obtained for NAG correlates to 
them. The value of this order has earlier been reported for other kinases, 
highlighting its importance. The importance of these inhibitors is 
attributable to the fact that kinases control various signaling pathways, 
and their altered expression is implicated in various pathological con
ditions. Thus, all the above experiments conclude that NAG is a potent 
inhibitor of CDK6 that can be used to manage CDK6-directed diseases. 

3.9. Cell-based functional studies 

NAG showed appreciable binding affinity and enzyme inhibition 
profile towards CDK6 (Figs. 1–6). Previous studies suggested that NAG 
acted as an anti-cancer molecule and showed promising outcomes in 
various cancers as a single molecule or in combinational approaches 
[80–82]. Interestingly, CDK6 was established as a potential anti-cancer 
drug target. Therefore, next, we have evaluated the anticancerous po
tential of NAG in human cancer cell lines that showed high CDK6 de
pendencies for their survival, such as A549 and MCF-7. First, we 
performed cell viability studies with NAG on selected cancer cell lines 
and observed that NAG treatment decreased the viability of A549 and 
MCF-7 cell lines in a dose-dependent manner (Fig. 7A). 

Further, to evaluate the impact of NAG on the programmed cell death 
of cancer cells, we carried out annexin-V/PI staining. The results of 
annexin-V/PI staining suggested that NAG induces early to late 
apoptotic events in A549 and MCF-7 cells (Fig. 7B–C). To assess the 
impact of NAG on the colonization of cancer cells, we also performed a 
colony formation assay by incubating A549 and MCF-7 cells with NAG 
for 8–10 days and found that NAG decreases the colony formation ability 
of human cancer cells (Fig. 7D–E). The outcomes of cell-based studies 
are consistent with previous studies that showed that NAG showed 
promising anticancerous activities in multiple cancers [81,82]. In 
context to the impact of NAG on non-cancerous or normal human cells, it 
was established by various preclinical or clinical studies that NAG 
showed no adverse activities or side effects on normal human cells 
[81,83]. We observe that NAG showed desired activities at compara
tively high doses (generally, >50 μM), which may limit the clinical 
implications of this molecule, however, the exciting feature of this 
molecule is that even at higher doses, it is safe for preclinical or clinical 
studies. To this end, various clinical trials are currently being under 
progress, and some were completed (ClinicalTrials.gov Identifier: 
NCT03582553) that showed that NAG had little or no toxicity towards 
normal cells [83]. Based on the observations of the present study, we 
demonstrated that NAG behaves as an effective inhibitor for CDK6, and 
owing to its CDK6 specific activities, it could be a promising molecule for 
combinational anti-cancer therapies in human malignancies that shows 
CDK6 specific vulnerabilities. 

4. Conclusion 

Cancer is among the leading death causes across the globe, having 
multiple manifestations. CDK6 overexpression is linked to various can
cers, highlighting the crucial role of CDK6 inhibitors in anti-cancer 
therapeutics. Thus, we performed identification of potent CDK6 

inhibitors among phytochemicals. The present study establishes NAG as 
a potential CDK6 inhibitor through an integrated in-silico and in-vitro 
experiments. The binding and conformational dynamics of CDK6-NAG 
were deciphered by MD simulation studies suggesting a stable CDK6- 
NAG complex. In addition, we observed that the binding of NAG 
doesn’t cause any significant structural alterations in CDK6. The out
comes of fluorescence and ITC studies revealed an spontaneous binding 
of NAG to CDK6, leading to stable CDK6-NAG. Cell-based functional 
studies showed that NAG decreases the cell viability of human cancer 
cell lines, induces apoptosis, and reduces their colonization ability. The 
present study provides an additional axis towards utilizing NAG as a 
CDK6 inhibitor for the development of CDK6-targeted monotherapies or 
combinational therapeutic approaches. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2022.06.013. 
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