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ABSTRACT: Cyclin-dependent kinase 6 (CDK6) is a potential drug target that
plays an important role in the progression of different types of cancers. We
performed in silico and in vitro screening of different natural compounds and found
that quercetin has a high binding affinity for the CDK6 and inhibits its activity with
an IC50 = 5.89 μM. Molecular docking and a 200 ns whole atom simulation of the
CDK6-quercetin complex provide insights into the binding mechanism and
stability of the complex. Binding parameters ascertained by fluorescence and
isothermal titration calorimetry studies revealed a binding constant in the range of
107 M−1 of quercetin to the CDK6. Thermodynamic parameters associated with
the formation of the CDK6−quercetin complex suggested an electrostatic
interaction-driven process. The cell-based protein expression studies in the breast
(MCF-7) and lung (A549) cancer cells revealed that the treatment of quercetin
decreases the expression of CDK6. Quercetin also decreases the viability and
colony formation potential of selected cancer cells. Moreover, quercetin induces
apoptosis, by decreasing the production of reactive oxygen species and CDK6 expression. Both in silico and in vitro studies highlight
the significance of quercetin for the development of anticancer leads in terms of CDK6 inhibitors.

■ INTRODUCTION

Cancer cells frequently show a gain of proliferation, cell cycle
aberrations, loss of genomic and chromosomal stabilities, and
metabolic alterations.1,2 More than 80% of the cellular
pathways such as cell cycle progression, transcription, DNA
repair, and metabolic events are regulated by protein kinases
through phosphorylation/dephosphorylation.2−5 Out of differ-
ent protein kinases, overexpression of cyclin-dependent kinases
(CDKs) (EC 2.7.11.22) is associated with the majority of
cancer types, and thus, identification and establishment of
CDKs targeted inhibitors become an attractive approach for
cancer therapy.6−10

At present, >20 members of the CDK family are reported.11

The basic structure of CDKs contains a conserved catalytic
domain with an ATP-binding site, PSTAIRE-like cyclin-
binding domain, and activating T-loop motif.12 Cell cycle
progression is regulated by specific CDKs, cyclin proteins, and
respective CDK inhibitors (CKIs). Proper coordination
between all three components allows the smooth progression
of the cell cycle.11−13 CDK6 and cyclin D are responsible for
the G1-to-S phase transition.13 Normally, CDK6 regulates the
cell cycle by phosphorylating the retinoblastoma (Rb) protein
in the Rb-E2F pathway, which results in the release of the
transcription factor (E2F). When E2F enters the nucleus, it
initiates the synthesis of different proteins required for DNA
replication (S phase).14,15 However, during cancer conditions,

the upregulation of CDK6 leads to the permanent activation of
the Rb-E2F pathway, which results in uncontrolled cell
growth.14,16 CDK6 not only regulates the cell cycle but also
controls the metabolic alterations in the cancer cells.17 It
regulates the production of reactive oxygen species (ROS), by
inhibiting the activity of phosphofructokinase (PFK) (EC
2.7.1.11) and other protein kinases of the glycolytic path-
ways.17 This reprogramming of glycolysis directs the glycolytic
intermediates toward pentose phosphate (PPP) or serine
pathways and preventing the cell apoptosis.3,17 These studies
suggested that CDK6 is the key regulator of cell cycle,
metabolism, and its overexpression is associated with cancer,
diabetes, and inflammatory diseases. All these evidences favor
the role of CDK6 in a variety of diseases, thus making it a
potential drug target.6,18

Medicinal plants are an important source of diverse natural
compounds and phytonutrients that have been used in the
treatment of cancer and are known for their potential
therapeutic applications to manage different diseases.19−21
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Most of the chemopreventive agents include plant-derived
components because they show less or no side effects.22 Plant-
derived natural products have been used for several decades,
including flavonoids, polyphenols, alkaloids, and sesquiter-
penes. The therapeutic potential of these plant-based products
has been explored in terms of their kinase targeting
capabilities.23−27 Around 80% of the population still relies on
plant-derived formulations to manage different medical
issues.19 In recent years, there is a switch in the screening
and discovery of natural products as potential kinase
inhibitors.25,28−31 Plant-derived products have several impor-
tant biological properties such as antioxidant, anticancerous,
anti-inflammatory, antidiabetic, antimicrobial, and hepatopro-
tective24,25,32 and thus are used in treating cancer. One such
class of compound is natural polyphenols like flavonoids,
which are widely distributed in plants and are generally present
in food like herbs, nuts, vegetables, fruits, plant-derived
beverages like tea, coffee, and red wine.33,34 These plant-
based phenolic compounds target many cancer-associated
signaling pathways like PI3K (EC2.7.1.137), Akt (EC
2.7.11.1), B-Raf kinase (EC2.7.11.25), and ERK or MAPK
(EC 2.7.11.24).35−39

Quercetin is a ubiquitous pentahydroxyflavone, found
mainly in fruits and vegetables.40 Many studies have reported
diverse activities of quercetin, viz., anti-inflammatory, antith-
rombotic, antiobesity, antihypercholesterolemic, antiathero-
sclerotic, and anticancer activities.40,41 Quercetin inhibits
cancer cell proliferation by inducing apoptosis, in a way
reducing the growth of different tumors by unknown
mechanisms, and remains a molecule of high interest and
investigation with promising biological activities.29,42,43 Quer-
cetin is a molecule of immense importance especially in
context with its anticancer potential. It shows different types of
efficacies, specificities, and targets in different cancers through
the diverse mode of action.43 Recently, it was reported that
quercetin reverses the irregular DNA methylation patterns of
different cancer cells and thus also exerts anticancer activities
through epigenetic modifications.44,45 Quercetin decreases the
population of tumor-initiating cells through the modulation of
the death-associated factor 6 (DAXX) protein.46 Interestingly,
when used in combination, quercetin increases the efficiencies
of other anticancer molecules like losartan, paclitaxel, and
resveratrol in different cancers.47−49 The nanoformulations of
quercetin are very effective against different cancers including
lung, liver, breast, and glioblastomas.48,50,51 These studies
reported the anticancer properties of quercetin, but the exact
mechanism of its action remains elusive, and this study is the

first of its kind that investigated the potential of quercetin as an
inhibitor of CDK6.
Previously, we have reported the anticancer potential of

quercetin using different models,28,29 but the present study
provides newer insights into the anticancer activity of quercetin
by establishing CDK6 as a target. Docking and molecular
dynamics (MD) simulation studies were performed to
ascertain the interaction analysis and stability of the CDK6-
quercetin complex. The enzyme assay of recombinant CDK6
with quercetin suggested a significant inhibition profile of
quercetin. Cell-based anticancer analysis of CDK6 over-
expressing cancer cell lines suggested that quercetin decreases
the viability of cancer cell lines and induces apoptosis probably
by decreasing the expression of CDK6.

■ RESULTS AND DISCUSSION
Screening of Natural Molecules. Molecular docking,

fluorescence-based binding, and enzyme inhibition studies
were used to screen out the best possible inhibitor of CDK6
amongst different natural products. We screened gallic acid,
ferulic acid, caffeic acid, rosmarinic acid, capsaicin, tocopherol,
limonene, and quercetin for the identification of a probable
CDK6 inhibitor (Table S1, Figure S1). Based on in silico
binding studies (binding energy and binding residues),
fluorescence binding, and enzyme assay, the best compounds
that interacted with functionally important residues possess
high affinity and high inhibition potential for CDK6 was
selected (Table S1, Figure S1). Screening of these compounds
suggested that quercetin acts as the best inhibitor of CDK6
and thus subjected to detailed analysis.

Molecular Docking. There are around 16 crystal
structures of CDK6 that were present in the Protein Data
Bank (PDB), but on the basis of calculated docking RMSD
values of the quercetin against a variety of the deposited
structures, the 3NUP was selected for the current in silico
analysis because it showed relatively lower RMSD values for
the generated docked conformations The validation of the
current protocol using the SAnDReS algorithms showed the
reliability of the current study, which can be estimated with a
docking accuracy of 76.3% (Table S2). The information about
the active site of CDK6 was collected,52 and the ATP-binding
site was deeply analyzed, which was occupied by Lys43, Phe98,
His100, Asp104, Thr107, and Asp163. The significant binding
was observed for quercetin to CDK6, which can be inferred
from the free energy of a binding of −5.87 kcal/mol, with three
hydrogen bonds offered by hydroxyl groups and side chains of
Asp102 and Asp163 (Figure 1). The 40th docked pose was

Figure 1. Molecular docking studies of quercetin with CDK6. (A) The docked conformation of quercetin and CDK6 in the 3D view showing the
bound orientation of the inhibitor. (B) The 2D view of the docked complexes highlighting the observed hydrogen bonds between the quercetin
and CDK6.
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selected based on combined scoring. Furthermore, the
validation of the predictive performance of the semiempirical
free energy scoring function implemented in the AutoDock4
was performed by assessing the Spearman’s rank correlation
coefficient between the predicted free energy and experimental
binding affinity. The process involved the collection of eight
CDK6 inhibitors deposited in the binding DB,53 followed by
the calculation of the predicted binding energies with the
CDK6. Spearman’s rank correlation coefficient was calculated
to be around 0.964, indicating that the association between
predicted free energy of binding and experimentally IC50 values
can be considered statistically significant. These observations
indicated that quercetin inhibits the CDK6 activity, and thus,
the docked system was selected and subjected to MD
simulations.
MD Simulations. The extent of quercetin interaction with

the CDK6 in the docked complex was assessed by 200 ns MD

simulations, which were performed for both apo- and
quercetin-bound CDK6 separately. The distance parameters
were calculated between the quercetin and CDK6, which was
indicative of the attainment of closely bound confirmation with
the computed distance, fluctuated between 0.15 and 0.25 nm.
This observation was validated by the computation of the
hydrogen bonds with their magnitude reached up to 8 between
the CDK6 and quercetin during MD simulations (Figure
2A,B). The stabilities of the studied apo CDK6 and docked
systems were further assessed by calculating Rg, and RMSD
values for both the system reached an equilibrium confirmation
after 120 ns (Figure 2C,D). Both Rg and RMSD calculations
suggest that the unbound apo form of CDK6 is more stable
than the quercetin-bound form, highlighting the effect of the
quercetin interaction on the structure of CDK6.
Furthermore, a significant difference in the fluctuation of

active site residues was observed between the quercetin bound

Figure 2. MD simulation studies of quercetin with CDK6. (A) Plot showing changes in the computed distance between the CDK6 and quercetin.
(B) Hydrogen-bond fluctuation curve highlighting the changes in the observed number. (C) The Rg plot showing the difference in the compactness
between the quercetin bound and unbound CDK6. (D) The RMSD plot highlighting the changes between the stabilities in the observed systems.

Figure 3. MD simulation studies of quercetin with CDK6. (A) The graphical representation of the changes observed in the fluctuation of the
constituent residues between the quercetin bound and unbound CDK6. (B) The 2D eigenvector projection plot showing the differences between
the flexibility of the two studied forms. (C) The plots of the free energy landscape and contour map for the unbound form of CDK6. (D) The
graphical representation of the free energy landscape of quercetin bounds form. (E) The MMPBSA-based generated curves highlighting the
changes in the total, electrostatic, and van der Waals energies calculated between the CDK6 and quercetin.
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and apo CDK6 conformations (Figure 3A). The active site
residues Lys43, Phe98, His100, Asp104, Thr107, and Asp163
from the corresponding secondary structure elements of β3,
β5, L8, β6, α3, and L12 showed relatively lower motion in the
unbound form of the CDK6, indicating the presence of lower
relative energy as compared to the bound form. Moreover, the
PCA was used for the assessment of the difference in the
flexibility parameters between the quercetin bound and
unbound conformations. In MD simulations, the PCA is a
significant statistical technique employed for the reduction of
data complexity and in understanding the variations in the
atomic motion present in biomolecules.54 A set of eigenvectors
and eigenvalues were projected as a result of PCA analyses

with the quercetin-bound form occupies a larger conforma-
tional space as compared to the unbound apo CDK6
conformation (Figure 3B). These observations indicated the
presence of higher structural stability in the unbound CDK6
form as compared to the quercetin bound form.
Additionally, the free energy landscapes were plotted to

understand the differences in the protein-folding patterns
between the quercetin bound and unbound CDK6 forms. A
distinct difference in the projection of free energy was observed
with energetically favored and relatively stable conformation
for the unbound form of CDK6 as a compared complex
(Figure 3C,D). These observations indicated that the
interaction of quercetin with CDK6 slightly perturbs its

Figure 4. Fluorescence binding studies of quercetin with CDK6. Steady-state fluorescence of CDK6 in the absence and presence of quercetin (1−
10 μM) at (A) 15 °C, (B) 25 °C, and (C) 30 °C. (D) Stern−Volmer plots, (E) modified Stern−Volmer plots, and (F) van’t Hoff plots of the
CDK6−quercitin interaction at three temperatures (15, 25, and 30 °C).
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conformation and subsequently inhibits the enzyme activity.
Besides the mentioned observations, the MMPBSA-based
algorithm was used to calculate the energy difference between
the CDK6 and quercetin (Figure 3E). The total free energy of
binding of CDK6 to quercetin was observed between −200
and −300 kJ/mol in which electrostatic energy is a major
contributor.
Fluorescence Measurements. In silico observations were

further complemented by in vitro assays. To get insights into
the actual binding affinity of quercetin with CDK6,
fluorescence measurements were carried out. A significant
gradual decrease in the fluorescence intensity of CDK6 with
increasing concentrations of quercetin suggested a strong
binding affinity. Temperature dependency of binding param-
eters provides information about the type of quenching taking
place for the protein−ligand interaction (static or dynamic or a
combination of both), and thus, fluorescence measurements
were carried out at three different temperatures.55,56 A similar
pattern of decrease in fluorescence intensity with increasing
concentrations of quercetin was observed at all three
temperatures (15, 25, and 30 °C), indicating the formation
of a stable complex between the CDK6 and quercetin (Figure
4A−C).
The addition of quercetin causes an alteration in the

microenvironment of fluorophores, which causes fluorescence
quenching. This decrease in fluorescence intensity was
mathematically calculated by applying various equations to
find out quenching and binding parameters. The quenching
data was mathematically fitted to the Stern-Volmer and
modified Stern-Volmer equations to obtain binding parame-
ters. Figure 4D shows the Stern−Volmer plot of F0/F versus
[C] in which the slope gives the value of Stern−Volmer
constant Ksv at a fixed intercept after linear regression fitting.
For the calculation of Ksv, only linear points were taken into
consideration.
Table 1 represents the values of the obtained Ksv at three

different temperatures. We observed that Ksv decrease with an

increase in temperature, suggesting that static quenching
governs the CDK6−quercetin complex formation. Further,
equation 1 was used to validate the static mode of quenching
(Kq=Ksv/ τ0 Equation 1). The value of the bimolecular
quenching rate constant (Kq) was estimated by this equation.
The value of Kq for the CDK6−quercetin interaction was
found to be substantially higher than the maximum scatter
collision quenching constant of quenchers with biopolymer (2
× 1010 M−1 s−1),57 supporting the earlier observations of the

static mode of quenching to be operative for the CDK6−
quercetin interaction.58

The binding constant for the CDK6−quercetin interaction
was estimated by modified Stern-Volmer equation. Figure 4E
shows the modified Stern−Volmer plot in which the intercept
and slope give the value of binding constant (K) and the
number of binding sites (n), respectively. The value of K was
estimated as 1.3 × 107 M1 at 15 °C, suggesting that quercetin
binds to CDK6 with a high affinity. Table 2 shows the K
obtained at different temperatures, suggesting that a less stable
complex is formed at higher temperatures as values of K
decrease with increasing temperature. These observations are
following our in silico observations, suggesting a strong binding
affinity of CDK6 for quercetin.
The major forces involved in protein−ligand interactions are

hydrogen bonds, van der Waals, electrostatic, and hydrophobic
interactions. The van't Hoff equation was used to find the
thermodynamic parameters associated with the CDK6−
quercetin interaction such as ΔH, ΔS, and ΔG, an indicative
of prevailing forces for the specific protein−ligand interaction.
When the values of ΔH and ΔS are negative, the dominant
forces are van der Waals and hydrogen bonding, while the
positive values of ΔH and ΔS suggest hydrophobic
interactions.59 On the contrary, the negative ΔH and positive
ΔS values indicate predominant electrostatic interactions
involved. The van’t Hoff plot shows the dependence of the
binding constant (K) on 1/T, the slope of which is equal to
−ΔH/R, and the intercept gives an estimate of ΔS/R (Figure
4F). Table 2 provides all thermodynamic parameters obtained
for CDK6−quercitin binding. The negative ΔH and positive
ΔS values indicated that electrostatic interactions are
predominantly involved.

Isothermal Titration Calorimetry. To complement
fluorescence binding studies, ITC is employed to evaluate
ligand-binding affinity60 and associated thermodynamic
parameters such as a change in entropy (ΔS), change in
enthalpy (ΔH), Gibbs free energy (ΔG), number of binding
sites (n), and binding affinity constant (K).56 A representative
ITC profile for the CDK6−quercetin interaction is depicted in
Figure 5A. Every peak of the binding isotherm represents a
single injection of quercetin into the CDK6 solution filled in
the sample cell (Figure 5A). The thermodynamic parameters
obtained for the CDK6−quercetin interaction were: Ka = 5.88
× 105 ± 1.40 × 106 M−1, ΔH = −1.12 × 105 ± 4.57 × 102 cal/
mol, and ΔS = −351 cal/mol/deg. This data was obtained for
the model of one binding site. The variation in thermodynamic
parameters obtained from fluorescence and ITC experiments is
a common trait that is owed to the assumption made in
noncalorimetric approaches that ΔH does not depend on
temperature.60,61 Additionally, the ITC measured a global
change in the property, whereas the fluorescence spectroscopy
measured only local changes around the fluorophore
(Trp214), which might be the reason for the differences in
the values obtained through fluorescence spectroscopy and
ITC.58,62

Table 1. Stern−Volmer Constants Calculated at Different
Temperatures Obtained from Fluorescence Spectroscopy

temperature (°C) Ksv (10
4 M−1) Kq (10

13 M−1 s−1) R2

15 16.3 6.03 0.96
25 13.6 5.03 0.96
30 12.2 4.51 0.96

Table 2. Thermodynamic Parameters Obtained from Fluorescence Quenching Studies Carried Out at Different Temperatures

temperature (°C) K (107 M−1) n ΔG (kcal mol−1) ΔS (cal mol−1 K−1) ΔH (kcal mol−1) TΔS (kcal mol−1)

15 1.3 1.35 −9.400 8.267 −7.019 2.38
25 0.96 1.33 −9.482 2.46
30 0.70 1.33 −9.524 2.50
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Enzyme Inhibition Assay. The kinase inhibition assay of
recombinant CDK6 was performed with increasing concen-
trations of quercetin (Figure 5B). The enzyme inhibition assay
results show a significant decrease in kinase activity of CDK6
with increasing concentration of quercetin, suggesting the
inhibitory potential of quercetin. At 5.89 μM concentrations of
quercetin, around 50% of the ATPase activity of CDK6 was
lost as estimated by the AAT Bioquest calculator (https://
www.aatbio.com/tools/ic50-calculator). These observations
are in close agreement with other experiments that suggest a
considerable binding between quercetin and CDK6.
Cell Viability Studies. Overexpression of CDK6 supports

the growth and viability of different cancer cells. Thus, we
evaluated the consequences of CDK6 inhibition through
quercetin on the cell viability of MCF-7 and A549 cell lines.
The reason behind the selection of breast cancer and lung
cancer lines is the reported overexpression of CDK6 in these
cells. Due to the prominent role of CDK6 in these cancers, the
inhibitors of CDK6 are under clinical trials for breast and lung
cancer patients.63,64 These studies rationalized the evaluation
of the anticancer potential of quercetin on the cancer cell types
where CDK6 supported their growth. Cell viability results of
quercetin with selected cancer cell lines showed a decrease in
the viability in a concentration-dependent manner (Figure
6A). The observed IC50 dose of quercetin for MCF-7 cells is
41.78 ± 2.21 μM and for A549 cells is 52.35 ± 2.44 μM. These
results suggested that quercetin decreases the viability of breast
and lung cancer cells. The cell viability results are consistent
with previous reports, which suggested that inhibition of
CDK6 decreases the growth of cancer cells.64,65

Quercetin Decreases the Expression of CDK6. Our in
silico and in vitro studies showed that quercetin has a high
binding affinity for CDK6, and it also decreases its enzyme
activity. Further, cell viability studies also suggested that the
treatment of quercetin decreases the viability of selected cancer
cells. Next, we wanted to see the effect of quercetin on the

cellular expression of CDK6 and thus, check the expression of
CDK6 in the quercetin-treated cells. Interestingly, we found
that quercetin decreases the CDK6 expression in both MCF-7
and A549 cells (Figure 6B,C). These results complement both
in silico and enzyme assay results and further suggest that
quercetin may act by decreasing the expression and activity of
CDK6.

Figure 5. Binding and enzyme inhibition studies of quercetin with CDK6. (A) Binding isotherm for the titration of quercetin with CDK6 at 25 °C.
The CDK6 (15 μM) in the sample cell of ITC was titrated with quercetin (500 μM, taken in the syringe), and heat change was measured. (B)
ATPase inhibition assay of CDK6 with increasing concentration of quercetin (0−10 μM). The activity of native CDK6 was taken as 100% for
reference.

Figure 6. Quercetin decreases the cell viability of cancer cells, CDK6
expression, and ROS production. (A) The cell−viability curve
showing inhibition potential of quercetin on the growth of MCF-7
and A549 cells. The cells were treated with an increasing dose of
quercetin for 72 h, and the MTT assay was performed to measure
respective cell viabilities. (Each data point shown is the mean ±SD
from n = 3). (B) Protein expression studies of CDK6 in quercetin and
vehicle-treated MCF-7 and A549 cells. (C) Quantification of CDK6
expression after performing normalization with loading control β-
actin. (D) Representative histogram of quercetin/vehicle-treated
MCF-7 and A549 cells stained with H2DCFDA for ROS measure-
ments. A shift toward left shows a decrease in the levels of ROS.
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Quercetin Inhibited ROS Production. Overexpression of
CDK6 induces the production of ROS.17 To see the effect of
CDK6 inhibition on cellular ROS, we have quantified ROS in
quercetin-treated cells. For total ROS measurements, 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) staining
was used. Results of ROS measurements showed that the
treatment of quercetin decreases the production of ROS
(Figure 6D). Earlier studies suggested that quercetin behaves
as an antioxidant.66 The results of our study corroborate with
these studies and provide a possible explanation for the
antioxidant potential of quercetin. These results suggested that
inhibition of CDK6 through quercetin decreases the
production of ROS and this adds up to the anticancer
properties of quercetin.
Quercetin Decreases the Colonogenic Potential and

Induces Apoptosis. CDK6 overexpression acts as a survival
mechanism and supported the apoptotic evasion as well as
colonization of cancer cells.17,66 To see whether the quercetin-
mediated inhibition of CDK6 has any effect on colonization of
MCF-7/A549 cells and apoptosis induction, we performed the
colony formation and apoptosis studies and found that
quercetin significantly decreases the colonization of MCF-7
and A549 cells (Figure 7A,B). Interestingly, results of
apoptosis studies further revealed that quercetin induces
apoptosis in ∼21.10% of the MCF-7 and ∼16.22% of the
A549 cells after 48 h of treatment (Figure 7C). Our results of
apoptosis studies are in agreement with previous reports, which
suggested that the treatment of quercetin induces apoptosis in
different cancer cells.66 Previous reports showed that quercetin
treatment leads to mitotic catastrophe and failure of
cytokinesis.43,66 CDK6 plays an important role in cytokine-
sis/mitotic regulations,11 and thus, inhibition of CDK6
through quercetin explains the antimitotic or cytokinesis
inhibitory activities. In our previous studies, we also reported
that quercetin inhibited calcium/calmodulin-dependent pro-
tein kinase IV, pyruvate dehydrogenase kinase isozyme 3, and
sphingosine kinase 1.28,29,67 In these studies, we used different

cancer cell lines (as per the expression profile of selected
kinase), it means that quercetin may target different molecules;
but at the same time, the results of the present study argued
with these reports and suggest that the activity of quercetin
might be kinase-specific as per the expression of specific
kinases in different cancers. These observations further provide
the preclinical rationale for the optimization of quercetin
analogs for the development of CDK6 inhibitors.

■ CONCLUSIONS
High expression of CDK6 is directly associated with different
types of cancers, and thus, it may be targeted for the design
and development of small molecule inhibitors to address
anticancer therapy. Natural molecules are the source of
different bioactive molecules and are frequently implicated in
the therapeutic management of cancer. This study identifies
quercetin as a potent inhibitor of CDK6. Although anticancer
properties of quercetin were also reported previously, the
inhibition of CDK6 by quercetin provides a new avenue for
cancer therapy. In addition, the structure of quercetin may be
further chemically modified to develop effective preclinical
leads with high selectivity and improved drug likeness.

■ MATERIAL AND METHODS
Materials. Luria−Bertani broth (Merck, Darmstadt,

Germany), kanamycin, IPTG (Sigma, Saint Louis, MO,
USA), Ni-NTA column (Biorad), and Ni-NTA beads (Qiagen
QIA express) were purchased. The Ni-NTA column purchased
from Biorad (Qiagen QIA express). Anti-Cdk6 antibody
(Cat#mAb #13331) is from Cell Signaling Technology,
Danvers, USA, and anti-β-Actin monoclonal antibody
(Cat#A2228) is from Millipore Sigma, Darmstadt, Germany.
Cancer cells were procured from National Centre for Cell
Sciences (NCCS), Pune, India. Primary antibody goat anti-
rabbit IgG (31635) secondary antibodies and dihydroethidium
were taken from Invitrogen; Dulbecco minimal essential
medium (DMEM), RPMI-1640, and fetal bovine serum

Figure 7. Quercetin decreases colonization potential of cancer cells and induces apoptosis. (A) Colony formation studies of quercetin with selected
cancer cells. (B) Graphical representation of the number of colonies obtained in quercetin/vehicle-treated groups. (C) Representative dot plots of
Annexin-V/PI staining studies performed to quantify the induction of apoptosis in quercetin treated cells. (Statistical analysis was performed using
Student’s t-test for unpaired samples compared to vehicle control).
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(FBS) were purchased from Gibco life sciences. All reagents
used were molecular biology grades.
Expression and Purification. The CDK6 (981nucleo-

tieds) gene was successfully cloned in the pET28a+ vector and
confirmed by the gene-sequencing method. CDK6 expressed in
Codon+ competent cells, which were purified by our previously
reported protocol.65 In brief, the recombinant cells were grown
and induction was done at 18 °C by 0.5 mM IPTG (Sigma,
Saint Louis, USA). The pellet obtained from this culture was
dissolved in 50 mM Tris−HCl, 200 mM MgCl2 buffer, pH 8.0.
The cell lysate was sonicated and subjected to 30 min
centrifugation at 13,000 rpm at 4 °C. The obtained pellet was
solubilized, centrifuged, and loaded on pre-equilibrated Ni-
NTA column chromatography. Following the binding step, the
column was washed, and protein was eluted with elution buffer
(50 mM Tris buffer pH 8.0, 200 mM NaCl, and 0.1% N-
lauroylsarcosine, 300 mM imidazole). The purity of the
recombinant CDK6 protein was checked on 12% SDS-PAGE.
Kinase Inhibition Assay. The ATPase assay was

performed to measure the inhibitory effect on purified
CDK6 by gradually increasing concentrations of quercetin.
Freshly prepared ATP (50 μM) was mixed with CDK6 (1
μM), and a final reaction mixture of a 100 μL volume was
incubated at 25 °C for 1 h. Malachite green (200 μL) was
further added to the reaction mixture to block the reaction
followed by incubation of samples at room temperature for
15−20 min for the development of color. From the final
reaction mixture, 100 μL was transferred to a 96-well plate in
triplicates to measure spectrophotometrically at 620 nm.68

Fluorescence Measurements. To examine the binding
affinity of quercetin with purified recombinant CDK6, a
fluorescence-based experiment was performed.25,69 Each
titration of protein with quercetin was conducted in triplicates,
and the average was taken for analysis of binding parameters.
To measure the binding constant (K) and the total number of
binding sites (n) on the protein molecule, and different
thermodynamic parameters. the quenching data of fluores-
cence intensity of CDK6 with an increasing concentration of
quercetin was analyzed using the Stern−Volmer equation,
modified Stern−Volmer, and van’t Hoff equations as described
in earlier studies.62,70

Isothermal Titration Calorimetry. Isothermal titration
calorimetry (ITC) experiment was carried out at 25 °C on a
VP-ITC microcalorimeter from MicroCal, Inc. (GE, MicroCal,
USA). The CDK6 protein was dialyzed against 25 mM Tris
with 200 mM MgCl2 buffer, and the ligand was dissolved
properly in the dialyzing buffer. DMSO was added to the
protein solution (1% v/v) to prevent signal stability problems
during the ITC experiment. The sample cell contained 15 μM
CDK6, while 500 μM quercetin present in the syringe was
titrated into the cell that was filled with CDK6 and analyzed
for binding parameters.65 To nullify the heat of dilution of
solvent, the titration of the ligand was performed in buffer and
substracted from the protein−ligand dilutions before final
fitting of binding data. The MicroCal Origin 8.0 was used to
analyze the stoichiometry of binding (n), enthalpy change
(ΔH), and an association constant (Ka).
Structural Modeling and Molecular Docking. The

structural coordinates of CDK6 (PDB ID: 3NUP) were taken
from the Protein Data Bank (PDB) and subsequently refined
using the “PRIME” module of Schrödinger.71 The structure of
quercetin was drawn in the MAESTRO (Schrödinger Release
2018-1: Maestro, Schrödinger, LLC, New York, NY, 2018),

and its resulted structure was optimized using the density
functional theory (DFT)-based protocols present in JAGU-
AR.72 Docking was performed between the optimized
structures of CDK6 and quercetin using the AutoDock 4
package.73 The prediction of the bound conformation was
performed on the basis of the free-energy function, which was
calculated by the combined empirical force-field and
Lamarckian genetic algorithm.74 The grid dimensions of 44
× 54 × 50 Å were set along the XYZ directions using the
AutoGrid module with a spacing of 0.375 Å, and the
parameters associated with the Lamarckian genetic algorithm
were set to the maximum efficiency values. The number of
individuals in the population was fixed to 250 and the
maximum number of energy evaluations to a “longer” interval.
As a result, 100 docked conformations were generated for the
CDK6 and quercetin system, grouped according to the RMSD
tolerance of 2.0 Å. The rescoring of the generated docked
conformations was performed using the DrugScoreX server,75

and the docked conformation with the highest score was
selected for the MD simulations.

Validation of Molecular Docking Protocol. The
validation of the used docking protocol was performed using
the SAnDReS algorithm,76 which carried out the re-docking
using the Autodock 4.0 module and calculated the average
RMSD and the docking accuracy. In the primary step, the
validation process involved the creation of the SAnDReS
format file from the docking output using the “Docking Hub”
option, which ranked the docking conformations on the basis
of the RMSD and calculated energy parameters. After the
successful generation of the SAnDReS format file, the option of
the “Statistical analysis of scoring functions versus RMSD” was
selected, which invoked the inbuilt “strmsd.in” module that
calculated the protocol performance parameters. Furthermore,
the validation of the predictive performance of the protocol
was performed by calculating the Spearman’s rank correlation
coefficient (rs). This analysis involved the classification of the
available CDK6 inhibitors in the BindingDBdatabase (https://
www.bindingdb.org/bind/tabLuceneResult.jsp?thisInput=
CDK6&submit=Go). Then, docking of the inhibitors was
performed using similar setup parameters in the active site of
the CDK6. Then, rs was calculated using the Microsoft Excel
module.

MD Simulation. The MD simulations were performed on
the quercetin bound and apo-form of CDK6 using GROMACS
version 2018-2.77 Initially, the GROMOS96 53a6 force-field78

was used for the generation of topology parameters of the
protein structure in the docked complex. The DFT method
implemented in GAUSSIAN, which utilized the B3LYP6-
31G(d,p) basis set, and CHELPG program79 was used for the
charge correction. The topology generation stage was followed
by the production of the solvated systems using the SPC/E
water model,80 along with the neutralization was performed by
adding a suitable number of Na+ and Cl− ions. Subsequently,
the solvated neutralized systems undergo the process of energy
minimization using combined the steepest descent and
conjugate gradient algorithms with a convergence criterion of
0.005 kcal/mol, and position restraints were applied to the
structure of the ligand.
The equilibration step was performed in the combined

stages of constant volume (NVT) and constant pressure
(NPT) ensemble conditions, each at a 100 ps time scale. The
temperature of 300 K was maintained for the system using the
Berendsen weak coupling method, and the pressure of 1 bar
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was maintained utilizing Parrinello−Rahman barostat in the
equilibration stage. The LINCS algorithm was used for the
generation of the final conformational production stage for a
200 ns timescale, and trajectories were generated, which were
analyzed to understand the behavior of each complex in the
explicit water environment. The changes in the protein−ligand
distance, hydrogen (H)-bonds, root-mean-square deviation
(RMSD), the radius of gyration (Rg), root-mean-square
fluctuation (RMSF), principal component analysis (PCA),
and free-energy landscape (FEL) of the complex system were
analyzed. Furthermore, the molecular mechanic Poisson−
Boltzmann surface area (MM-PBSA) protocols implemented
in the g_mmpbsa package81 were used for the calculation of
free energy of the binding protein and ligand molecules.
Cell Viability Studies. The effect of quercetin treatment

on the viability of breast cancer (MCF-7) and human
adenocarcinoma (A549) cells was studied using the MTT-
assay.24,82 Briefly, the MCF-7 and A549 cells were seeded in
96-well culture plate at a density of 5000−5500 cells/well and
treated with quercetin (0−250 μM) for 72 h. Following the
treatment, cells were incubated with 20 μL of MTT (from 5
mg/mL stock solution in PBS, pH 7.4) for 4−5 h and the
formazan were dissolved in 100 μL of DMSO. The optical
density of the dissolved purple reaction product was recorded
(570 nm) and transformed into percentage cell viability.
Total Protein Isolation and Expression Studies. The

MCF-7 and A549 cells were treated with an IC50 dose of
quercetin for a stipulated time and harvested using
trypsinization. For total protein isolation, the collected cell
line samples were lysed using RIPA buffer (Thermo Fisher
Scientific, USA). The isolated protein was quantified (using
BCA-protein estimation kit) and expression studies were
performed using the Western blot as described.83,84

ROS Determination. 2′,7′-Dichlorodihydrofluorescein
diacetate (H2DCFDA) staining was used to see the effect of
quercetin on ROS production.25,85 Briefly, the MCF-7 and
A549 cells were treated with an IC50 dose of quercetin and
vehicle control (DMSO) for 5−6 h. After the stipulated time of
treatment, cells were further incubated with 10 μMH2DCFDA
(Invitrogen Grand Island, NY) for 30 min. The cells were
trypsinized, washed twice with PBS, and analyzed for ROS
production using flow cytometry.
Colony Formation Studies. The colony formation assay

of selected cancer cells with quercetin was performed.86 For
the colony formation assay, nearly 1000−1500 (MCF-7/A549
cells) cells/well of 6-well cell culture plates were seeded and
each type of cell line was treated with IC50 concentrations of
quercetin for 8−10 days, (at 37 °C, in a 5% CO2 incubator).
DMSO is taken as vehicle control. The colonies obtained in
each treatment group were fixed using 100% methanol, and
staining was performed using crystal violet. The number of
colonies was quantified using ImageJ software (https://imagej.
nih.gov/ij/) and compared with vehicle control.
Annexin-V/PI Staining. The apoptotic potential of

quercetin was studied using annexin-V/PI staining as described
previously.84,87 Briefly, the selected cells (MCF-7 and A549)
were treated with the IC50 concentration of quercetin or
vehicle control for 48 h. Following the quercetin treatment,
cells were harvested and stained using annexin-V/PI (Annexin-
V kit, BD-Biosciences, San Jose, USA). The stained cells were
analyzed using flow cytometry.
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Cioslowski, J.; Fox, D. J. Gaussian 09, Gaussian, Inc.: Wallingford, CT,
USA, 2009.
(80) Zielkiewicz, J. Structural properties of water: comparison of the
SPC, SPCE, TIP4P, and TIP5P models of water. J. Chem. Phys. 2005,
123, 104501.
(81) Kumari, R.; Kumar, R. g_mmpbsa–a GROMACS tool for high-
throughput MM-PBSA calculations. J. Chem. Inf. Model. 2014, 54,
1951−1962.
(82) Shamsi, F.; Hasan, P.; Queen, A.; Hussain, A.; Khan, P.; Zeya,
B.; King, H. M.; Rana, S.; Garrison, J.; Alajmi, M. F.; Rizvi, M. M. A.;
Zahid, M.; Imtaiyaz Hassan, M.; Abid, M. Synthesis and SAR studies
of novel 1,2,4-oxadiazole-sulfonamide based compounds as potential
anticancer agents for colorectal cancer therapy. Bioorg. Chem. 2020,
98, 103754.
(83) Khan, P.; Idrees, D.; Moxley, M. A.; Corbett, J. A.; Ahmad, F.;
von Figura, G.; Sly, W. S.; Waheed, A.; Hassan, M. I. Luminol-based
chemiluminescent signals: clinical and non-clinical application and
future uses. Appl. Biochem. Biotechnol. 2014, 173, 333−355.
(84) Anwar, S.; Shamsi, A.; Shahbaaz, M.; Queen, A.; Khan, P.;
Hasan, G. M.; Islam, A.; Alajmi, M. F.; Hussain, A.; Ahmad, F.;
Hassan, M. I. Rosmarinic Acid Exhibits Anticancer Effects via
MARK4 Inhibition. Sci. Rep. 2020, 10, 10300.
(85) Parveen, I.; Khan, P.; Ali, S.; Hassan, M. I.; Ahmed, N.
Synthesis, molecular docking and inhibition studies of novel 3-N-aryl
substituted-2-heteroarylchromones targeting microtubule affinity
regulating kinase 4 inhibitors. Eur. J. Med. Chem. 2018, 159, 166−177.
(86) Khan, N. S.; Khan, P.; Inam, A.; Ahmad, K.; Yousuf, M.; Islam,
A.; Ali, S.; Azam, A.; Husain, M.; Hassan, M. I. Discovery of 4-(2-
(dimethylamino) ethoxy) benzohydrazide derivatives as prospective
microtubule affinity regulating kinase 4 inhibitors. RSC Adv. 2020, 10,
20129−20137.
(87) Queen, A.; Khan, P.; Idrees, D.; Azam, A.; Hassan, M. I.
Biological evaluation of p-toluene sulphonylhydrazone as carbonic
anhydrase IX inhibitors: An approach to fight hypoxia-induced
tumors. Int. J. Biol. Macromol. 2018, 106, 840−850.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03975
ACS Omega 2020, 5, 27480−27491

27491

https://dx.doi.org/10.1080/07391102.2019.1595728
https://dx.doi.org/10.1080/07391102.2019.1595728
https://dx.doi.org/10.1080/07391102.2019.1595728
https://dx.doi.org/10.1056/NEJMe1611926
https://dx.doi.org/10.1056/NEJMe1611926
https://dx.doi.org/10.1177/1758835918786451
https://dx.doi.org/10.1177/1758835918786451
https://dx.doi.org/10.3390/ijms21103526
https://dx.doi.org/10.3390/ijms21103526
https://dx.doi.org/10.3390/ijms21103526
https://dx.doi.org/10.1016/j.acthis.2016.11.003
https://dx.doi.org/10.1016/j.acthis.2016.11.003
https://dx.doi.org/10.1016/j.acthis.2016.11.003
https://dx.doi.org/10.1038/s41598-019-55199-3
https://dx.doi.org/10.1038/s41598-019-55199-3
https://dx.doi.org/10.1038/s41598-019-55199-3
https://dx.doi.org/10.1038/s41598-018-38217-8
https://dx.doi.org/10.1038/s41598-018-38217-8
https://dx.doi.org/10.1016/j.biopha.2019.109245
https://dx.doi.org/10.1016/j.biopha.2019.109245
https://dx.doi.org/10.1016/j.biopha.2019.109245
https://dx.doi.org/10.3390/biom10050789
https://dx.doi.org/10.3390/biom10050789
https://dx.doi.org/10.3390/biom10050789
https://dx.doi.org/10.1002/prot.10613
https://dx.doi.org/10.1002/prot.10613
https://dx.doi.org/10.1002/qua.24481
https://dx.doi.org/10.1002/qua.24481
https://dx.doi.org/10.1007/978-1-4939-9752-7_9
https://dx.doi.org/10.1002/jcc.21256
https://dx.doi.org/10.1002/jcc.21256
https://dx.doi.org/10.1021/ci200274q
https://dx.doi.org/10.1021/ci200274q
https://dx.doi.org/10.1007/978-1-4939-9752-7_4
https://dx.doi.org/10.1007/978-1-4939-9752-7_4
https://dx.doi.org/10.1093/bioinformatics/btt055
https://dx.doi.org/10.1093/bioinformatics/btt055
https://dx.doi.org/10.1002/jcc.20090
https://dx.doi.org/10.1002/jcc.20090
https://dx.doi.org/10.1002/jcc.20090
https://dx.doi.org/10.1063/1.2018637
https://dx.doi.org/10.1063/1.2018637
https://dx.doi.org/10.1021/ci500020m
https://dx.doi.org/10.1021/ci500020m
https://dx.doi.org/10.1016/j.bioorg.2020.103754
https://dx.doi.org/10.1016/j.bioorg.2020.103754
https://dx.doi.org/10.1016/j.bioorg.2020.103754
https://dx.doi.org/10.1007/s12010-014-0850-1
https://dx.doi.org/10.1007/s12010-014-0850-1
https://dx.doi.org/10.1007/s12010-014-0850-1
https://dx.doi.org/10.1038/s41598-020-65648-z
https://dx.doi.org/10.1038/s41598-020-65648-z
https://dx.doi.org/10.1016/j.ejmech.2018.09.030
https://dx.doi.org/10.1016/j.ejmech.2018.09.030
https://dx.doi.org/10.1016/j.ejmech.2018.09.030
https://dx.doi.org/10.1039/D0RA00453G
https://dx.doi.org/10.1039/D0RA00453G
https://dx.doi.org/10.1039/D0RA00453G
https://dx.doi.org/10.1016/j.ijbiomac.2017.08.082
https://dx.doi.org/10.1016/j.ijbiomac.2017.08.082
https://dx.doi.org/10.1016/j.ijbiomac.2017.08.082
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03975?ref=pdf

