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onstituents as potent inhibitors of
casein kinase-2: dual implications in cancer and
COVID-19 therapeutics

Farah Anjum,a Md Nayab Sulaimani,b Alaa Shafie,a Taj Mohammad,b

Ghulam Md. Ashraf, cd Anwar L. Bilgrami,e Fahad A. Alhumaydhi, f

Suliman A. Alsagaby,g Dharmendra Kumar Yadav*h and Md. Imtaiyaz Hassan *b

Casein kinase 2 (CK2) is a conserved serine/threonine-protein kinase involved in hematopoietic cell survival,

cell cycle control, DNA repair, and other cellular processes. It plays a significant role in cancer progression

and viral infection. CK2 is considered a potential drug target in cancers and COVID-19 therapy. In this study,

we have performed a virtual screening of phytoconstituents from the IMPPAT database to identify some

potential inhibitors of CK2. The initial filter was the physicochemical properties of the molecules

following the Lipinski rule of five. Then binding affinity calculation, PAINS filter, ADMET, and PASS

analyses followed by interaction analysis were carried out to discover nontoxic and better hits. Finally,

two compounds, stylopine and dehydroevodiamines with appreciable affinity and specific interaction

towards CK2, were identified. Their time-evolution analyses were carried out using all-atom molecular

dynamics simulation, principal component analysis and free energy landscape. Altogether, we propose

that stylopine and dehydroevodiamines can be further explored in in vitro and in vivo settings to develop

anticancer and antiviral therapeutics.
Introduction

Cancer is one of the most common diseases found in almost
every part of the globe.1 DNA damage is said to be the funda-
mental cause of sporadic cancers.2 It is also caused due to
genomic instability, and a few are caused due to inherited
genetic mutations.3–7 One of the extreme routes to cancer
development and progression is the altered expression of the
various genes, including kinases. The altered expression of
kinases cause different cellular anomalies, leading to cancer
progression. Casein kinase 2 (CK2) is a conserved serine/
threonine protein kinases that attunes the many signaling
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pathways involved in hematopoietic cell survival and functions.
Thus, it is considered as a promising drug target.8–11

CK2 is constitutively expressed in various cell types.10–12 It
exists in mammalian cells, usually as a tetrameric complex con-
sisting of two alpha subunits, CK2a (CSNK2A1) and CK2a'
(CSNK2A2) and two regulatory subunits CK2b.13 CK2 regulates
necessary cellular processes, which are typically deregulated in
cancer cells. It mainly increases cell proliferation, growth, and
survival. It also changes cell morphology, builds up the cellular
transformation and stimulates angiogenesis.14,15 CK2 transcripts
and proteins are both upregulated in various forms of cancer, as
suggested by several studies.12 In studies of themost commonve
cancer types (breast, lung, prostate, colon, and ovarian), CK2
transcript expression was upregulated.16,17

Studies suggest that transcriptional mechanisms can
enhance CK2 in human tumors.18,19 In animal models, CK2's
ability to promote tumors mainly because it regulates signal
transduction pathways, which vary in different cancers. CK2
regulates various signal transduction cascades like Wnt
signaling,20 Hedgehog signaling,21 NF-kB,22 JAK/STAT,23 and
PTEN/PI3K/Akt-PKB.24 Tumorigenesis caused by the modula-
tion of various signaling pathways, cascades and protein
kinases. CK2 is associated with cancer development and thus its
selective targeting can be helpful in therapeutic development of
anticancer drugs.

In a recent study, CK2 is reported as a most strongly regulated
kinases in SARS-CoV-2 infection.25 During the infection, CK2
© 2022 The Author(s). Published by the Royal Society of Chemistry
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regulates actin tail formation, which enables the efficiency of the
virus to spread through cell-to-cell.25 One of the CK2 inhibitors
under clinical trials named silmitasertib (CX-4945) showed potent
antiviral activity, which suggests the role of CK2 to regulate the life
cycle of SARS-CoV-2.25 The inhibitor of CK2 promotes the forma-
tion of street granules which ultimately can prevent viruses from
gaining nucleic acids to make a new virus. Altogether, CK2 is
a positive regulator of cancer progression and is involved in SARS-
CoV-2 infection. Utilizing CK2 as an attractive target for developing
anticancer and antiviral therapeutics, exploring natural
compounds against CK2 is an attractive strategy.

Plant-based natural products are the sources of new drugs
which play an essential role in various pharmaceutical indus-
tries.26–33 India is one of those countries which practices tradi-
tional medicines and ethnopharmacology. The phytochemicals
of medicinal plants encircle a manifold of chemical space for
drug design and discovery. IMPPAT (Indian medicinal plant,
phytochemistry and therapeutics) is a manually curated online
database of plant-based natural compounds. It consists of more
than 1700 Indian medicinal plants, approximately 10 000
phytochemicals of around 1100 therapeutic uses.34

This study used a structure-based virtual screening approach
to screen the plant-based natural compounds obtained from the
IMPPAT database. First, the database was ltered out based on
the physicochemical properties of the compounds, and then
a molecular docking-based screen was performed to get high-
affinity binding partners of CK2. ADMET analysis followed by
PASS analysis of the selected compounds was then performed.
From the top hits generated, we have further screened the
compounds based on their specic interactions towards the
CK2 binding pocket, followed by molecular dynamics (MD)
simulations for 100 ns to know the conformational dynamics
and stability of identied compounds with CK2.
Materials and methods
Computational resources

Bioinformatics soware, including, InstaDock,35 Discovery
Studio Visualizer,36 GROMACS37 and PyMOL,38 were used for
a systematic drug design and discovery approach based on
molecular docking and simulation studies. SwissADME,39

pkCSM server,40 RCSB-Protein Data Bank (PDB), QtGrace,41 etc.,
were used for data retrieval and evaluation. The three-
dimensional structural coordinates of CK2 protein were
retrieved from PDB (PDB ID: 6QY9). All co-crystallized ligand
and co-crystallized hetero atoms, including water molecules,
were removed from the original coordinates. The CK2 structure
was prepared by remodeling missing residues, adding hydrogen
atoms to polar groups and assigning suitable atom types for
virtual screening in InstaDock. A library of �6000 compounds
was taken from the IMPPAT database following the Lipinski
rule of ve.
Molecular docking-based screening

Molecular docking is used to predict the suitable orientation
and binding affinity of small molecules to a receptor, typically
© 2022 The Author(s). Published by the Royal Society of Chemistry
proteins.42–44 A virtual screening process employing the molec-
ular docking approach was used to nd the best conformational
pose and binding affinity of selected compounds towards
CK2.45–49 InstaDock with blind search space with a grid size of 70
Å, 80 Å, and 80 Å for X, Y, Z coordinates, respectively, were used
in this study for protein–ligand docking. The center of the grid
was set to X: 13.29, Y: �0.40, Z: 0.90 axes. The grid spacing was
set to 1 Å, and the other docking parameters were set to their
default values. InstaDock soware was used to calculate and
analyze the binding affinities and other docking parameters of
the phyto-compounds towards CK2. The docking output was
ltered based on the energy values and ligand efficiency. The
docking poses of each phytocompounds were generated for the
interaction analysis with the help of Discovery Studio Visualizer
and PyMOL.

ADMET properties

Aer getting the high-affinity binding partners of CK2 from the
molecular docking approach, ADMET properties of the ltered
compounds were calculated with the help of SwissADME and
pkCSM servers. Secondly, to avoid the compounds with specic
patterns that show a higher tendency to bind with multiple
targets, we applied the PAINS (pan-assay interference
compounds) lter.50 Compounds showing thriving ADMET and
drug-like properties without toxic patterns were selected for
further analysis.

Biological activity prediction

Biological activity prediction of compounds is one of the main
components in drug discovery. The PASS webserver51 was used
to predict the biological properties of the selected compounds
from the ADMET lter. PASS web server predicts the biological
properties based on the compound's structure–activity-
relationship. It gives a brief record of potential biological
properties on account of Pa (probability of being active) and Pi
(probability of being inactive) ratio by comparing the query
structure with the inbuilt data set of known compounds having
different biological properties. It indicates that the higher the Pa
value, the higher the possibility of a biological property of
a compound being studied.

Interaction analysis

The interaction analysis between CK2 and the selected ligands
from the PASS analysis was carried out to explore different
bonds and forces involved in binding. For the possible confor-
mations of the ltered compounds, the out-les of docked
compounds were generated and then explored with the help of
Discovery Studio Visualizer and PyMOL. In PyMOL, the closed
interactions described within 3.5 Å were recorded as polar
contacts between the compounds and CK2. The detailed inter-
actions between the compounds with the CK2 binding pocket
were explored using Discovery Studio Visualizer. Only those
compounds found to interact with the critical residues of the
CK2 binding pocket were selected. Moreover, the compounds
showing the close interaction with the binding site residues of
CK2 were selected for further analysis. To compare our docking
RSC Adv., 2022, 12, 7872–7882 | 7873
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results, the binding site and docking pose of a co-crystallized
known CK2 inhibitor pyrrolo[2,3-d]pyrimidinyl was taken as
the reference (PDB ID: 6QY9).

MD simulations

MD simulation is used to study the atomic motions of protein
and protein–ligand systems.48,52–57 The results obtained from
docking of interaction between CK2 and the selected
compounds (stylopine and dehydroevodiamines) were corrob-
orated through MD simulation studies. To simulate the struc-
tural coordinates of CK2, its complexes with stylopine and
dehydroevodiamines, we used GROMACS v5.5.1. It is an open-
source MD simulation program widely utilized in drug
discovery. The receptor–ligand complex topologies were created
by parametrizing the compounds through the PRODRG server.58

The PRODRG server is a reliable tool for generating topology
coordinates of small molecules. Each system was placed with
a 10 Å distance in the cubic box center to the edges for solvation
in the simple point charge (SPC216) water model.

Furthermore, the simulation systems were neutralized by
adding an appropriate amount of counterions (Na+ and Cl�).
The possible steric hindrances between the atoms were
removed by energy minimization in the solvated system with
the 1500 steepest descent followed by conjugate gradient
methods. At constant volume with gradual heating from (0–300
K) temperature and at a pressure of 1 atm, the two-step equili-
bration under the periodic boundary setting was carried out for
100 ps. Simulation for all the systems was done for 100 ns. The
protein–ligand stability was checked by analyzing the resultant
data with the help of the GROMACS tools as described in our
previous reports.42,44,59,60

Principal component analysis and essential dynamics

Data dimensionality can be minimized while retaining most of
the variation in the data set by using a widely used mathemat-
ical algorithm known as principal component analysis (PCA).61

This reduction is accomplished by identifying directions, called
principal components (PCs), along which the data variation is
maximal. It uses only a few components to represent each
sample using relatively few numbers instead of using values for
thousands of variables. Then the sample can be plotted, making
it possible to vividly assess similarities and differences between
samples and determine whether the sample can be grouped.
Moreover, PCA uncovers the motion of high amplitude in MD
trajectories.61 We have explored the MD trajectories of CK2,
CK2-stylopine and CK2-dehydroevodiamines complexes for
conformational sampling, atomic motions and stability
through PCA and free energy landscape (FEL) analyses.62

Result and discussion
Molecular docking-based screening

Virtual screening is a commonly used computational method to
identify potential compounds against pre-dened biological
targets.44,63 It is an important technique that also reduces
experimental efforts and time consumption. We usedmolecular
7874 | RSC Adv., 2022, 12, 7872–7882
docking-based virtual screening to identify small molecules
having appreciable binding scores with CK2. From the docking
analysis, we have initially selected the top 10 compounds based
on their signicant binding affinities by using InstaDock so-
ware. The top 10 hits from �6000 compounds had a binding
affinity score #�12.3 with CK2 (Table 1). The known CK2
inhibitor, silmitasertib was found to possess an appreciable
binding affinity and ligand efficiency (LE) towards CK2.

Interestingly, the elucidated compounds from our study are
showing better docking scores than the silmitasertib. Wort-
mannin, an inhibitor of PI 3-kinase that does not inhibit CK2,
was selected as a negative control to compare with the eluci-
dated compounds.64 Wortmannin doesn't show decent binding
affinity and LE towards CK2 compared to elucidated
compounds and positive control silmitasertib (Table 1). This
comparison supports the validity of the docking output for the
identied compounds towards CK2. The results show that all
the selected hits have appreciable binding affinity and LE
values.

ADMET properties of compounds

The selected hits from the docking study were further screened
to predict their ADMET properties. pkCSM and SwissADME web
servers were used to calculate the ADMET properties of the top
10 selected compounds from the docking lter. PAINS patterns
were also checked for all the compounds to avoid any hazardous
pattern in the compound's molecular structure. ADMET
prediction consists of a set of parameters and the threshold
values on which the physicochemical and pharmacokinetic
properties of chemical compounds are to be depicted. Here
similar kinds of properties are shown by all the compounds. It
was found that both stylopine and dehydroevodiamines have
a set of desired physicochemical properties without any AMES
toxicity and PAINS patterns (Table 2). The two compounds out
of 10 having ADMET within the range of drug candidacy were
selected. Stylopine and dehydroevodiamines share a similar
class of ADMET properties without any toxic patterns thus were
selected for further analysis. Both compounds share similar
properties as the established leads silmitasertib and wortman-
nin (Table 2).

Biological activities of selected compounds

Biological activities should be adequately studied to design safe
and effective therapeutic molecules. Such an estimation can be
performed by using the PASS analysis approach with the help of
machine learning based on the structure–activity relationship.
We used the PASS webserver to explore the biological activities
of the selected compounds. Based on multiple mechanisms of
action, drug–drug interaction, and activity–activity, the
compounds can be selected using the PASS analysis approach.
The predictions for anticarcinogenic, antiviral and kinase
inhibitory potential have been shown by the compound stylo-
pine and dehydroevodiamines with the Pa values ranging from
0.291 to 0.598 when Pa is greater than Pi. The biological prop-
erties of stylopine and dehydroevodiamines are shown in Table
3. We also predicted the biological properties of silmitasertib
© 2022 The Author(s). Published by the Royal Society of Chemistry



Table 1 List of selected hits and their docking score with CK2

S. no. Compound ID Compound Source
Affinity
(kcal mol�1) pKi LEa

1 5315739 N-Acetyldehydroanonaine Zanthoxylum nitidum �13.4 9.83 0.52
2 443716 Hydroxysanguinarine Fumaria indica �13.3 9.75 0.46
3 440583 Stylopine Fumaria indica �13.0 9.53 0.48
4 147329 Corysamine Meconopsis aculeata �12.6 9.24 0.45
5 2754650 Irenolone Musa paradisiaca �12.6 9.24 0.50
6 161899 Dehydroroemerine Nelumbo nucifera �12.5 9.17 0.52
7 6453733 L-N-Acetylanonaine Zanthoxylum nitidum �12.5 9.17 0.48
8 9817839 Dehydroevodiamines Agrimonia pilosa �12.5 9.17 0.48
9 146680 Elliptinone Plumbago zeylanica �12.3 9.02 0.40
10 633072 Chitranone Plumbago zeylanica �12.3 9.02 0.40
11 CX-4945 Silmitasertib — �10.2 7.48 0.36
12 SL-2052 Wortmannin Penicillium funiculosum �7.2 5.28 0.23

a LE, ligand efficiency in values in kcal per mol per non-H atom.

Table 2 ADMET properties of the top 10 hits

Compound

Absorption Distribution Metabolism Excretion Toxicity

GI absorption (%) Water solubility BBB/CNS permeation CYP2D6 inhibitor OCT2 substrate AMES

Acetyldehydroanonaine 98.82 �5.01 No No No Yes
Hydroxysanguinarine 100.00 �33.25 No No No Yes
Stylopine 94.37 �2.70 No Yes No No
Corysamine 85.01 �2.89 No No No Yes
Irenolone 91.52 �4.61 No No No Yes
Dehydroroemerine 98.22 �5.68 No No No Yes
L-N-Acetylanonaine 96.87 �3.80 No No No Yes
Dehydroevodiamines 99.69 �3.79 No No Yes No
Elliptinone 93.49 �3.99 No No No Yes
Chitranone 91.26 �4.38 No No No Yes
Silmitasertib 99.25 �3.30 No Yes No No
Wortmannin 100.00 �4.08 No No No No
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and wortmannin for validation. Silmitasertib and wortmannin
show HK2 inhibitory and phosphatidylinositol kinase inhibi-
tory potential, respectively, for which they are known, validated
the PASS prediction (Table 3). Finally, compounds stylopine and
dehydroevodiamines were selected for MD simulation studies
with CK2 based on binding studies, specic interactions toward
CK2 binding site and PASS analysis.

Interaction analysis

The interaction analysis was performed by splitting all the
possible docking conformations from the out les of the docked
stylopine and dehydroevodiamines. The analysis found that sty-
lopine and dehydroevodiamines interact with common residues,
including the ATP binding site of CK2 Lys69. Also, it is the site
where the co-crystallized available CK2 inhibitor pyrrolo[2,3-d]
pyrimidinyl bound (PDB ID: 6QY9) is bound. An explained
binding pattern of stylopine and dehydroevodiamines along with
silmitasertib and wortmannin is illustrated in Fig. 1. The gure
shows that stylopine and dehydroevodiamines interact with
Lys69 (ATP binding site) of CK2, which is crucial for its activity
(Fig. 1B). The structural representation shows that stylopine and
dehydroevodiamines are bound into the deep binding pocket
© 2022 The Author(s). Published by the Royal Society of Chemistry
cavity of CK2 with a virtuous complementarity where silmitasertib
also interacts (Fig. 1C). At the same time, wortmannin was
interacting with the CK2 binding cavity but could not be
accommodated into the inner core of the binding site. It is loosely
bound to the pocket without any close interaction with the critical
residues of the CK2 binding site.

The detailed analysis of both compounds was further
explored for their interactions with the active/critical site
residue of CK2. It is clear from Fig. 2 that the stylopine, dehy-
droevodiamines and silmitasertib share common interactions
while interacting with the ATP-binding site residue of CK2. The
ATP-binding site is essential for the functional activities of any
kinase. The ATP-binding site is located at the main catalytic
center of CK2, where stylopine, dehydroevodiamines and sil-
mitasertib are binding (Fig. 2A–C), suggesting stylopine and
dehydroevodiamines could act as the potential ATP competitive
inhibitor of CK2. While wortmannin does not shows any close
interaction with the critical residues of the CK2 binding site,
rejecting its candidacy to be a potential binding partner of CK2
(Fig. 2D).
RSC Adv., 2022, 12, 7872–7882 | 7875



Table 3 Biological activities of the selected compounds predicted through the PASS webserver

S. no. Compound ID Pa Pi Biological activity

1 Stylopine 0.598 0.004 Antineoplastic alkaloid
0.529 0.017 Antihypertensive
0.449 0.017 Antineoplastic (lung cancer)
0.391 0.101 Antiviral (rhinovirus)
0.334 0.064 Antiviral (adenovirus)

2 Dehydroevodiamines 0.478 0.008 Antineoplastic alkaloid
0.406 0.037 Diabetic neuropathy treatment
0.389 0.032 MAP3K5 inhibitor
0.431 0.087 Antiviral (picornavirus)
0.291 0.026 Antineoplastic (non-small cell lung cancer)

3 Silmitasertib 0.731 0.025 Taurine dehydrogenase inhibitor
0.686 0.008 Protein kinase inhibitor
0.533 0.010 Tyrosine kinase inhibitor
0.498 0.072 Antineoplastic
0.320 0.005 Protein kinase (CK2) inhibitor

4 Wortmannin 0.995 0.001 Phosphatidylinositol kinase inhibitor
0.972 0.002 Lipid metabolism regulator
0.890 0.003 Prostate cancer treatment
0.870 0.005 Antineoplastic
0.521 0.018 Antiviral (rhinovirus)

Fig. 1 Molecular interactions of (A) casein kinase 2 with stylopine (green), dehydroevodiamines (yellow), silmitasertib (magenta), and wortmannin
(cyan). (B) cartoon view of protein–ligands interactions. (C) Electrostatic potential of casein kinase 1 bound the selected compounds and
controls.
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MD simulation

MD simulation is one of the widely used methods to study
structural details and dynamic behavior of protein–ligand
complexes. CK2-stylopine, CK2-dehydroevodiamines and the
apo CK2 are the three systems studied in MD simulations for
100 ns. The stability and dynamics of CK2 in complexes with
stylopine and dehydroevodiamines were analyzed by exploring
various systematic and structural parameters discussed below.
Structural dynamics and compactness

The structural dynamics in proteins can be altered aer binding
with the ligands. Root-mean-square deviation (RMSD) param-
eter is used to see the structural deviation in proteins over
7876 | RSC Adv., 2022, 12, 7872–7882
a period. It is one of the most valuable methods to investigate
a protein structure's structural changes and dynamics.65,66 We
have found the average value of RSMDs as 0.34 nm, 0.36 nm and
0.35 nm for CK2 alone, CK2-stylopine and CK2-
dehydroevodiamines, respectively. The binding of stylopine
and dehydroevodiamines with CK2 equilibrated throughout the
simulation as indicated by RMSD, suggesting fair stability of
docked complexes. From the initial simulation stage to the 100
ns trajectory, all three systems are signicantly stable, as shown
by the RMSD plot (Fig. 3A). A slight uctuation was seen in
RMSD, especially for the CK2-stylopine complex, but without
any shi. It was seen that the RMSD of all the systems has
stabilized and balanced during the entire simulation period of
100 ns. The distribution of RMSD values was plotted as
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Representation of molecular interaction and 2D plots showing detailed interactions of (A) stylopine, (B) dehydroevodiamines, (C) sil-
mitasertib, and (D) wortmannin.

Paper RSC Advances
probability distribution function (PDF), which illustrates the
stabilization in CK2 dynamics with higher probability over
compounds binding (Fig. 3A, lower panel).
Fig. 3 Structural dynamics of CK2 upon stylopine and dehydroevodiam
dehydroevodiamines. (B) RMSF plot of CK2 and its complex with sty
distribution function of values as PDF.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Root-mean-square uctuation (RMSF) is helpful in
measuring residual vibrations in the protein structures during
MD simulation. The residual dynamics of a CK2 can be seen
before and aer ligands binding by plotting the RMSF of each
ines binding. (A) RMSD plot of CK2 in complexed with stylopine and
lopine and dehydroevodiamines. Lower panels show the probability

RSC Adv., 2022, 12, 7872–7882 | 7877
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residue (Fig. 3B). Minimization and stabilization in RMSF
uctuations upon dehydroevodiamines binding suggest
incredible constancy of the protein–ligand system. While aer
stylopine, the binding marginally increased in residual vibra-
tions at some places, which signies higher dynamics local to
the loop region. Comparatively, CK2-dehydroevodiamines
complex is more stable than CK2-stylopine, as predicted from
RMSD and RMSFs. A decreased residual uctuation in CK2 over
compounds binding was also shown by PDF (Fig. 3B, lower
panel).

The radius of gyration (Rg) is directly proportional to the
alterations in protein structure. Rg is dened as the RMS
distance from the set of atoms from their collective center of
mass. Rg parameters is used to study the compactness of
a protein structure.65 Here, Rg values were calculated to evaluate
the compactness of CK2 before and aer binding with stylopine
and dehydroevodiamines (Fig. 4A). A small increment in the Rg

value of CK2 was observed aer the binding of stylopine, which
agrees with the RMSD and RMSF values. As suggested by the Rg

plot, CK2 was stable with both compounds. In the PDF analysis,
Fig. 4 Structural compactness and folding of CK2 upon stylopine and d
stylopine and dehydroevodiamines. Lower panels show the probability d

Fig. 5 Hydrogen bond analysis. Time evolution of intramolecular H-bon
distribution.

7878 | RSC Adv., 2022, 12, 7872–7882
there is no change in the average Rg value of CK2 upon dehy-
droevodiamines binding (Fig. 4A, lower panel).

The solvent-accessible surface area (SASA) values calculated
to see the structural changes in protein while binding to
a ligand.67,68 SASA analysis can be done to examine the stability
and folding behavior of protein and its complexes.69 While
studying the SASA plot, we noticed a minimal change in SASA
values throughout the simulation time, which suggests that the
complexes of CK2 with stylopine and dehydroevodiamines are
stable (Fig. 4B). Lose packing of CK2, primarily upon stylopine
binding, is the signicance of a slight increase of the average
value of SASA and without any disturbance of the overall protein
folding. Moreover, aer the compound binding, especially aer
stylopine binding, a minor increment in average SASA of CK2
was suggested by PDF analysis (Fig. 4B, lower panel).
Dynamics of hydrogen bonds

The formation of hydrogen bonds (H-bonds) is essential for
formation of a stable protein-ligand complex. The time evolu-
tion of H-bonds was explored to evaluate the constancy of
intramolecular bonding in CK2 before and aer stylopine and
ehydroevodiamines binding. (A) Rg plot and (B) SASA plot of CK2 with
istribution function values as PDF.

ds (left panel). The right panel shows the PDF of the hydrogen bonds

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dehydroevodiamines binding. As advocated by the plot gener-
ated, there was no signicant change in the number of H-bonds
observed within CK2 when complexed with stylopine and
dehydroevodiamines. In CK2, intramolecularly, the average H-
bonds formed before and aer stylopine and dehydroevodi-
amines binding were evaluated to be 260, 255, and 259,
respectively (Fig. 5, le panel). A slight decrease in H-bonds was
noticed owing to the ligands' occupation of some intra-
molecular space in CK2. A fair constancy has shown by the PDF
calculated for intramolecular H-bonds in all three systems
(Fig. 5, right panel). The intramolecular H-bonds in CK2 show
stability throughout the simulation, even aer the binding of
compounds.
Fig. 6 Time evolution of intermolecular H-bonds formedwithin 0.35 nm
panels show the PDF of the hydrogen bonds distribution.

Fig. 7 Principal component analysis. (A) 2D conformational projection
evolution of CK2 projections on both EVs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Moreover, the time evaluation of intramolecular H-bonds
was further explored to determine the constancy of H-bonding
in between the stylopine and dehydroevodiamines with CK2.
Within the stylopine-CK2 and dehydroevodiamines-CK2, the
average H-bonds formed were estimated to be 2 in each complex
(Fig. 6, upper panel). With the higher PDF value and the average
number of H-bonding as 2, the PDF suggested a fair constancy
for intramolecular H-bonds in both systems (Fig. 6, lower
panel). The stylopine and dehydroevodiamines haven't moved
from their initial docking position on CK2 as predicted from the
intermolecular H-bonding, which stabilizes the complex
structures.
between CK2 and (A) stylopine and (B) dehydroevodiamines. The lower

s of CK2, CK2-stylopine and CK2-dehydroevodiamines. (B) The time

RSC Adv., 2022, 12, 7872–7882 | 7879



Fig. 8 The free energy landscapes of (A) free CK2, (B) CK2-stylopine, and (C) CK2-dehydroevodiamines.
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PCA and FELs analysis

PCA is a valuable method to examine the collective motions and
conformational sampling in proteins. We have employed the
essential dynamics approach to exploring the collective motions
and conformational sampling of CK2, CK2-stylopine and CK2-
dehydroevodiamines complexes. The conformational sampling
of CK2, CK2-stylopine and CK2-dehydroevodiamines in the
subspace is illustrated in Fig. 7A. The conformational sampling of
CK2 and two different EVs projected by the protein Ca atoms, as
displayed by the projection. The clusters of free CK2 were covered
by the projection of conformational sampling by determining the
phase space performance of CK2-stylopine and CK2-
dehydroevodiamines projected by C-alpha atoms. The analysis
shows that the CK2-stylopine and CK2-dehydroevodiamines
complexes occupied the same conformational space as the free
CK2. It has also been noticed that the lesser exibility, confor-
mational space covered by the CK2-dehydroevodiamines complex
make it more stable than the CK2-stylopine complex Fig. 7B.

By using the rst two PCs, we have generated the FELs to
visualize the energy minima and conformational landscape of
the free CK2 and CK2-stylopine and CK2-dehydroevodiamines
complexes. The outlined FELs of CK2, CK2-stylopine and CK2-
dehydroevodiamines complexes are depicted in Fig. 8. The
size and position of the phase conned within a single stable
global minimum were slightly disturbed by the binding of CK2
with stylopine and dehydroevodiamines, as suggested by the
FEL plots (Fig. 8).

Deeper blue in FELs signies the protein conformation with
lower energy near-native states. We see that CK2 has a single
global minimum overall conned within a single basin Fig. 8A.
Likewise, while binding with stylopine and dehydroevodi-
amines, CK2 acquires different states with multiple basins but
overall global minima (Fig. 8B and C). Overall, results suggested
that the binding of stylopine and dehydroevodiamines with CK2
doesn't lead to the unfolding of CK2 during the simulation.
Conclusions

The pharmacologic inhibition of CK2 possesses anticancer
and antiviral efficacy, representing potential cancer and
COVID-19 therapies. This work aims to contribute to the
therapeutic management of cancer and COVID-19 by using
7880 | RSC Adv., 2022, 12, 7872–7882
natural compounds targeting CK2. Utilizing CK2 as an
attractive target for developing anticancer and antiviral ther-
apeutics, we have carried out an in silico analysis using state-
of-the-art computational approaches. Two phytoconstituents,
stylopine and dehydroevodiamines, were identied by
assessing their physicochemical and drug-like properties and
stable binding towards CK2. We propose that stylopine and
dehydroevodiamines be further explored in in vitro and in vivo
settings to develop anticancer and antiviral therapeutics.
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