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ABSTRACT: Cyclin-dependent kinase 6 (CDK6) is linked with a
cyclin partner and plays a crucial role in the early stages of cancer
development. It is currently a potential drug target for developing
therapeutic molecules targeting cancer therapy. Here, we have
identified taurine as an inhibitor of CDK6 using combined in silico
and experimental studies. We performed various experiments to
find the binding affinity of taurine with CDK6. Molecular docking
analysis revealed critical residues of CDK6 that are involved in
taurine binding. Fluorescence measurement studies showed that
taurine binds to CDK6 with a significant binding affinity, with a
binding constant of K = 0.7 × 107 M−1 for the CDK6−taurine
complex. Enzyme inhibition assay suggested taurine as a good
inhibitor of CDK6 possessing an IC50 value of 4.44 μM. Isothermal
titration calorimetry analysis further confirmed a spontaneous binding of taurine with CDK6 and delineated the thermodynamic
parameters for the CDK6−taurine system. Altogether, this study established taurine as a CDK6 inhibitor, providing a base for using
taurine and its derivatives in CDK6-associated cancer and other diseases.

■ INTRODUCTION
Deregulation and reprogramming in fundamental cellular
processes are known as cancer cell hallmarks.1 Unidirectional
cell proliferation and metabolic pathway modifications are
cancer’s main events.2 Protein kinases control most cellular
pathways, such as cell growth, cell development, DNA damage,
transcription, translation, intercellular interaction, cell metab-
olism, and apoptosis,3,4 and are becoming crucial players in
cancer therapeutics.5 Phosphorylation is a vital post-transla-
tional modification carried out by several protein kinases in
eukaryotes. Cyclin-dependent kinases (CDKs), serine/threo-
nine-protein kinases,6 regulate the cell cycle (G1-S phase)
through the phosphorylation process.7,8 Every cell cycle step is
a well-regulated process controlled by CDK and its associated
cyclin partners. CDK inhibitors and cyclins significantly
regulate its catalytic activity, which ultimately participates in
the precise progression of cell cycle events.9

CDK6 belongs to CDK’s family protein, and its gene is
present on a small arm of chromosome 7 (∼1000bp) and
encodes a ∼37 kDa protein.10 During the G1 stage of the cell
cycle, CDK6 regulates cell growth and differentiation through
the Rb-E2F pathway.11 Rb is an essential signaling player
inhibiting E2F transcription factors, which control cell
proliferation,12 via regulating transcription of crucial genes
for DNA replication and cell cycle progression.13 Cyclin D1
and CDKs regulate the G1/S transition of the cell cycle via

phosphorylation of Rb.11,14 Upregulation of CDK6 activates
the Rb-E2F signaling pathway observed during the subsequent
progression of cancer.10

CDK6 participates in the metabolic switching of the
glycolysis pathway through inhibition of phosphofructokinase
(PFK) and the pyruvate kinase (PK) activity.15−17 Biomole-
cules are essential for the proper growth and development of
the human body.8,18,19 They participate in various signaling
pathways to maintain the biochemical and physiological
properties of the body. When these biomolecules decrease
below threshold values, we must obtain them by outsourcing,
leading to diseased conditions.20 Biological processes such as
DNA replication transcription, translation, glucose, lipid
metabolism, and other pathways are continuous in the
human body. These cellular pathways are disturbed during
disease conditions and produce reactive oxygen species (ROS)
that cause oxidative damage.21

Biomolecules show several biological activities, including
antioxidant activity, protecting the cell from oxidative damage.
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Hence, they can be used in cancer, diabetes, inflammation, and
microbial and protozoan therapeutics.22−24 Natural products
interact with several cellular components and regulate the ROS
production that prevents the development of diseases, such as
AP-1-associated signaling pathways, MAP kinase pathway, RB-
E2F pathway, PI3K/Akt/mTOR pathway, and the NFκB-
signaling pathway.25−27 Several biomolecules such as protein,
lipids, carbohydrates, peptides, and other amino acids have
various biological properties.28,29 The low level of these
biomolecules is responsible for the development of several
diseases.30,31

Plants, animals, microbes, and marine plants are rich sources
of natural products.32−34 Natural products are used in several
diseases, such as cancer, diabetes, inflammation, and microbial
and protozoan infections.35−41 Most natural compounds are
bioactive products that bind to different biological molecules
and regulate their activity.42−44 Due to their chemical and
structural diversity, natural compounds are used in treating
various diseases.45−49 Natural products target several signaling
pathways, mainly associated with cancer, such asAP-1-
associated signaling pathways, RB-E2F pathway, PI3K/Akt/
mTOR pathway, NFκB-signaling pathway, MAP kinase
pathways, and CCR5 signaling.

Taurine is a sulfur-containing nonessential amino acid
known as 2-amino-ethane-sulfonic acid50 that is broadly

distributed in different parts of our body. Taurine is an
essential nutrient in some species but is considered semi-
essential in man, although cells that lack taurine show a major
pathology.51 A serum level of taurine of 46−70 μmol/l is found
in the human body. It plays a role in several essential functions
such as body homeostasis, cell growth, development, and cell
death.52−55 It maintains the phosphorylation process, calcium
concentration, membrane stability, neuromodulation, detox-
ification of xenobiotics, regulation, and inflammation proc-
ess.56−58 Previous studies have reported that serum taurine
level is significantly reduced in cancer patients, directly
responsible for the reduced expression level of apoptotic
marker genes and the development of angiogenesis, high-
lighting taurine’s importance in cancer therapeutics.59

Taurine is effectively used to treat mitochondrial diseases. In
addition, it has also been used in diabetes and arthritis
therapeutics.51 Taurine is an effective antioxidant that prevents
ROS accumulation in tumor cells and controls the progression
of cancer.60 Taurine improves drug efficacy by minimizing its
toxicity.61 In addition, taurine activates tumor suppressors
PTEN and p53 and is considered an anticancer agent.62 These
findings suggest the importance of taurine in various diseases.

Cancer cells use different mechanisms to show resistance
against multiple drugs.63 Previous studies demonstrated that
nonselective synthetic drugs are used for cancer therapy after

Figure 1. Molecular interactions of CDK6 with taurine. (A) Cartoon model representation, (B) interacting residues, and (C) potential surface
cavity of CDK6 in complex with taurine (white element) and taurine (cyan element). (D) Two-dimensional (2D) structural representation of
CDK6 residues interacting with taurine.

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

https://doi.org/10.1021/acsomega.2c03479
ACS Omega 2022, 7, 25844−25852

25845

https://pubs.acs.org/doi/10.1021/acsomega.2c03479?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03479?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03479?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03479?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cancer regains resistance against drugs.64,65 Non-selective
synthetic compounds show cytotoxicity against normal cells.
Thus, selectively targeting CDK6 through natural inhibitors
may be successful as a therapeutic target for cancer cell growth
and alterations. Taurine shows antioxidant properties to treat
tumors and associated diseases.66,67 This study shows that
taurine binds to the CDK6 protein and controls its expression/
activity.

Upregulation of the CDK6 protein expression and activity is
associated with various cancers and thus used as a potential
drug design and development target. Natural compounds with
antioxidant activity and low cytotoxicity give rise to a new era
of research where they can cure and treat cancer and other
associated diseases. Previous studies have reported that taurine
can be used to treat cancer,68,69 but the inhibition of expression
and activity of CDK6 by taurine provides a novel avenue for
cancer therapy.

This study determined the kinase inhibitory potential of
taurine against CDK6. Molecular docking was done to find the
binding pattern of taurine to CDK6. Fluorescence binding
assay and isothermal titration calorimetry (ITC) measure-
ments ascertained the actual binding affinity and mechanism.
Enzyme assay revealed the CDK6 inhibitory potential of
taurine.

■ RESULTS AND DISCUSSION
Expression and Purification of CDK6. CDK6 gene was

successfully cloned into bacterial expression vector pE-
T28a+and purified using Ni-NTA affinity chromatography.
The CDK6 gene was amplified from pCDNA using specific
primers. The amplified product was inserted into the
pET28a+plasmed vector containing 6-histidine through re-
striction and ligation enzymes. The colony PCR and
sequencing method confirmed the cloning of the cdk6 gene.
Overexpressed CDK6 protein was purified using Ni-NTA
affinity column chromatography.
Molecular Docking. Molecular docking tools are used in

estimating the binding affinity and mode of ligand interactions
with the target protein.70−73 Taurine is a pharmacologically
significant natural compound, promising in anticancer therapy.
Molecular docking studies showed that taurine interacts with
the ATP-binding pocket of CDK6. We estimated the binding

affinity of taurine to CDK6 with a docking score of −3.3 kcal/
mol, indicating an appreciable binding. It shows the ligand
efficiency of 0.46 kcal/mol/non-H atom with CDK6, which is
appreciable. Docking results were analyzed to determine the
taurine binding site of CDK6. The selected conformation was
based on its preferable interaction and the highest affinity
toward the active site of CDK6. Here, we found that taurine
occupied the binding pocket of CDK6 (Figure 1A) and not the
ATP-binding site. It directly interacts with the active site
residue of CDK6, i.e., Asp145, and forms a conventional
hydrogen bond (Figure 1B). Asp145 is the most critical
residue of the active site of CDK6, and taurine is found to form
H-bonds with this critical residue, highlighting the importance
of this interaction. Taurine interacts with CDK6 at multiple
alternative binding sites (Figure S1). Other CDK6 inhibitors
such as palbociclib are known to bind to the ATP-binding
pocket of CDK6, interacting with the vital Lys43 of this ATP-
binding site. Taurine resides in the deep cavity of CDK6 and
forms a significant number of noncovalent interactions with
the pocket residues (Figure 1C).

The detailed interaction analysis of the docked complex
shows that taurine interacts with many functionally important
residues of the binding pocket of CDK6. It was observed that
residues of CDK6 such as Asp145, Asp163, and Leu166 offer
significant interactions as conventional hydrogen bonding to
taurine (Figure 1D). At the same time, His143 forms a
carbon−hydrogen bond, and Tyr24, Asn150, and Phe164 are
involved in van der Waals interactions with taurine (Figure
1D). A significant number of interactions between functionally
essential residues of CDK6 and taurine suggest an excellent
binding affinity.
Fluorescence Binding Assay. Fluorescence spectroscopy

is a technique routinely deployed to study the binding pattern
with the protein.74 In the present work, the fluorescence
quenching of CDK6 was observed with decreasing concen-
trations of taurine (0−9 nM), and it has been used to obtain
detailed binding information. This experiment aimed to
investigate taurine’s actual binding affinity to CDK6. The
CDK6 protein was excited at 280 nm, with emission spectra
recorded at 300−400 nm. Based on the fluorescence emission
spectra, an increase in taurine concentration (0−9 nM) in the
CDK6−taurine system leads to a gradual decrease in the

Figure 2. (A) Fluorescence emission spectra of CDK6 in the absence and presence of taurine (0−9 nM). (B) Modified Stern−Volmer equation of
CDK6−taurine.
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fluorescence intensity of the system. No shift was recorded,
coupled with a gradual decrease in the fluorescence (Figure
2A). This visible decrease in the CDK6 fluorescence with
increasing taurine concentrations is known as fluorescence
quenching.

The quenching data provide essential information regarding
the actual binding of the ligand with the protein. Fluorescence
quenching data were fitted into the modified Stern−Volmer
(MSV) equation, with the intercept giving the binding
constant (K) (Figure 2B). Taurine was found to bind with
CDK6 with a very high binding affinity (K = 0.7 × 107 M−1).
The binding constant of this order is in line with other well-
known inhibitors of CDK6 implying the strength of this
interaction. A recent study reported quercetin as a potent
CDK6 inhibitor with a binding constant of 107 M−1.75 Another
study in the literature reported that vanillin binds to CDK6
with a binding constant of 4.1 × 107 M−1.76 Another natural
compound having a significant role in cancer therapeutics,
ellagic acid, binds to CDK6 with K of the order of 107 M−1,
inhibiting the ATPase activity of CDK6.77 All of the above
studies highlight the importance of natural compounds in
anticancer therapeutics targeting inhibition of CDK6 to
manage CDK6-directed diseases. The present study demon-
strates that taurine binds to CDK6 with an appreciable affinity
affirming molecular docking observations. Thus, the fluo-
rescence binding assay reveals the strong binding of taurine to
CDK6, resulting in stable CDK6−taurine complex formation.
Further, the binding is ascertained using another sophisticated
technique, namely, isothermal titration calorimetry, and the
CDK6 inhibitory potential of taurine is estimated using
ATPase assay.
Isothermal Titration Calorimetry. ITC is a sensitive

technique used to study the protein−drug interaction pattern
and provide information about the system’s different binding
parameters giving a complete description of the binding
energetics of the protein−ligand complex.74 The result of
titration of 200 μM taurine (present in syringe) into 20 μM
CDK6 present in the sample cell is depicted in Figure 3 and is
corrected by deduction of dilution heat. It is evident from the
obtained isotherm that taurine binds spontaneously to CDK6.
The upper panel indicates the raw data obtained from
consecutive taurine injections into CDK6.

In contrast, the lower panel represents the binding curves
obtained after subtracting heat dilution from both ligand and
protein. There might be variations in thermodynamic
parameters obtained from fluorescence spectroscopy and
ITC. This variation is attributed to the fact that ITC measures
a global change in the thermodynamic property. In contrast,
fluorescence spectroscopy considers only the local changes
around the fluorophore (Trp-214).78 The obtained isotherm
implies that taurine binds to CDK6 spontaneously. MicroCal
8.0 was used to obtain the final figure and the associated
thermodynamic parameters for the CDK6−taurine system
(Table 1). Fluorescence binding assay coupled with molecular
docking analysis and ITC establishes that taurine binds to
CDK6 with a significant affinity resulting in the formation of a
stable CDK6−taurine complex.
Kinase Assay. Kinase assay was performed in the presence

of a fixed concentration of the CDK6 protein and subsequent
increasing concentration of taurine (0−20 μM), and the
activity of purified CDK6 was taken as 100%. Figure 4 shows
the kinase inhibition profile of CDK6 with varying taurine
concentrations. From the obtained data, it is clear that a

concomitant decrease in the kinase activity of CDK6 protein
was observed with increasing taurine concentrations. The
concentration of ligand at which its 50% inhibitory effect is
observed is IC50 and was found to be 4.44 μM for taurine. This
obtained value is in the range of those of other well-reported
CDK6 inhibitors,77 suggesting that taurine is a potent CDK6
inhibitor. Recently, many studies have targeted identifying
potential kinase inhibitors because these kinases govern various
essential steps of cellular pathways.79 Thus, any aberrant
changes in the expression/activity of these kinases are directly
associated with the pathology of lethal diseases ranging from
neurodegenerative diseases to different cancers.80,81 Thus,
these data suggest that taurine binds to CDK6 and inhibits its
kinase activity. This inhibition will be used in diseases in which
CDK6 is overexpressed. Recently published literature has
established other compounds as strong inhibitors of kinases,
and the obtained IC50 for taurine against CDK6 lies in the
same range establishing it as a strong CDK6 inhibitor. Other
CDK6 inhibitors in the clinical trial have much higher IC50
values, highlighting the strength of taurine as a CDK6
inhibitor. Additionally, minimal side effects associated with
natural compounds are their additional advantage signifying
the importance of establishing taurine as a potent CDK6
inhibitor. Altogether, the above data suggest that taurine binds
to CDK6 with a very good affinity, inhibiting its kinase activity
significantly.

■ CONCLUSIONS
Protein kinase inhibitors are rapidly emerged as vital players in
cancer therapeutics and hold an important place in the drug
design and discovery field. Kinases govern various critical steps
of important cellular pathways; thus, any changes in their
activity are directly related to the progression of a disease.
Overexpression of CDK6 is directly linked to various cancers,
signifying the importance of identifying CDK6 inhibitors that
can be used in managing CDK6-directed cancers. The present
study establishes taurine as a potent inhibitor of CDK6,

Figure 3. ITC isotherm was obtained upon the titration of 200 μM
taurine into 20 μM CDK6. The data are plotted as a four-site model.
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employing in-silico and in vitro approaches. With the aid of
molecular docking analysis, functionally essential residues of
CDK6 are involved in the CDK6−taurine complex formation
was discovered. Further, the fluorescence-based binding assay
demonstrated the actual binding of taurine with CDK6.
Additionally, the ITC experiment validated the spontaneous
binding and formation of a stable CDK6−taurine complex.
The kinase assay further delineated the CDK6 inhibitory
activity of taurine with an admirable IC50 value. Overall, the
present study suggests that taurine inhibits CDK6, and can be
used to treat CDK6-directed cancers. For future prospects, this
study provides a platform to identify and synthesize derivatives
of taurine that can interact with CDK6 inhibiting its activity
more efficaciously.

■ MATERIALS AND METHODS
Materials. Bacterial growth culture medium (Difco LB

broth Miller) was purchased from Becton, Dickinson.
Kanamycin, isopropyl β-D-1-thiogalactopyranoside (IPTG),
lysozyme, and Tris-Hcl were procured from Sisco Research
Laboratories (India). Phenylmethylsulfonyl fluoride (PMSF)
catalog #P-470 was obtained from Gold Biotechnology St.
Louis, MO. Taurine was purchased from Sigma-Aldrich. The
Kinase assay kit was procured from Enzo (New York). All
reagents and cloning enzymes used were analytical grade.
pCDNA of the CDK6 gene was obtained from the Harvard
Medical School repository unit. DH5α were procured for
cloning purposes from Invitrogen. Taq polymerase, dNTPs,
MgCl2, fast digestion restriction endonuclease, and ligation
enzyme were purchased from Thermo Fisher Scientific.
Cloning, Expression, and Purification. Using our

standard published protocol, we have expressed CDK6 in
BL21 codon+ cells.75 The bacterial primary culture cells were
grown overnight at 37 °C, induced by IPTG, and further
incubated for 16 h at 18 °C. The culture was centrifuged the
next day at 10,000 rpm for 10 min to separate the inclusion

body. The CDK6 protein was purified from the inclusion body
using Ni-NTA affinity chromatography as described earlier.77

The purity of CDK6 protein was determined on 12% SDS
PAGE.
Molecular Docking Analysis. A molecular docking study

was performed to obtain insights into the structural basis of
taurine interactions with CDK6.82,83 The atomic coordinates
of CDK6 were taken from the RCSB Protein Data Bank (PDB
ID: 6OQO), and heteroatoms, including co-crystallized water
molecules, were removed through SwissPDB-Viewer and the
MGL AutoDock tools.84 The three-dimensional structure of
taurine was retrieved from the PubChem database (PubChem
ID: 1123). The docking was performed using InstaDock GUI
software,85 which uses AutoDockVina86 for docking calcu-
lation. The blind search space for the ligands was set to a grid
size of 78, 55, and 64 Å, centralized at 14.25, 33.66, and 0.18
for X, Y, and Z coordinates, respectively, with a grid spacing of
1.00 Å.87,88

Fluorescence Measurements. Fluorescence binding
studies were performed at 25 ± 0.1 °C using a 5 mm quartz
cuvette on a Jasco spectrofluorimeter (FP-6200, Jasco, Japan)
containing a thermostat Peltier device. The excitation wave-
length was fixed to 280 nm for the CDK6 protein. The
emission spectra were recorded in the 300−400 nm range with
a slit width of 10 nm.89 The stock solution of taurine was
prepared and subsequently diluted to working concentration.
The concentration of CDK6 was fixed at 4 μM, while the
taurine concentration was varied from 0 to 9 nM. The obtained
fluorescence quenching data were evaluated using earlier
published protocols with the aid of the modified Stern−
Volmer equation.90

Isothermal Titration Calorimetry. We used a VP-ITC
microcalorimeter from MicroCal, Inc (GE, MicroCal) to
further confirm the binding of CDK6 with taurine. The sample
cell and syringe were filled with the purified CDK6 protein (20
μM) and taurine solution (200 μM). An equal amount of
DMSO (1.0% v/v) was added to the CDK6 protein sample
and ligand solution to avoid signal hindrance. We used a
standard protocol in which the first injection of 2 μL was false,
followed by successive injections of 10 μL of taurine solutions
into the sample cell containing CDK6. These injections were at
a span of 260 s intervals with a stirring speed set at 320 rpm.
The spacing between two injections was set up at 280 s with
the stirring speed and reference power set before the loading.
The data obtained from titration were analyzed. The
stoichiometry of binding (n), association constant (Ka), and
enthalpy change (ΔH) were estimated using Origin 8.0
software.
Enzyme Inhibition Assay. An enzyme inhibition assay

was performed to determine the effect of taurine on the CDK6
ATPase activity as per a previously published protocol.77 In
brief, an increasing concentration of taurine (0−20 μM) was
added to the fixed amount of purified CDK6 protein (2 μM)
and incubated at 25 °C for 1 h. Freshly prepared ATP solution
(200 μM) and MgCl2 (10 mM) were added to the reaction

Table 1. Thermodynamic Parameters Obtained for the CDK6−Taurine Complex from ITC

Ka (association constant) M−1 ΔH (enthalpy change) cal/mol ΔS (cal/mol/deg)

Ka1 = 1.93 × 104 ± 1.1 × 104 ΔH1 = −1.895 × 104 ± 1.54 × 104 ΔS1 = −43.9
Ka2 = 1.54 × 105 ± 4.1 × 104 ΔH2 = 1.04 × 106 ± 3.18 × 105 ΔS2 = 3.52 × 103

Ka3 = 2.29 × 105 ± 5.2 × 104 ΔH3 = −2.88 × 106 ± 6.05 × 105 ΔS3 = −9.64 × 103

Ka4 = 2.29 × 105 ± 5.2 × 104 ΔH4 = 3.519 × 106 ± 5.45 × 105 ΔS4 = 1.18 × 104

Figure 4. Kinase inhibition assay of CDK6 with increasing taurine
concentrations (0−20 μM).
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mixture and incubated for 30 min at 25 °C. Malachite green
was added to this reaction mixture to terminate the reaction
and incubated for 20−30 min until the development of green
color. CDK6 utilized the ATP and released the free inorganic
phosphate measured on a multiplate ELISA reader at 620 nm.
If the ligand molecule binds to the CDK6 and inhibits the
kinase activity, the amount of free inorganic phosphate
released from the reaction is depleted. All of the experiments
were performed in triplicate.
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