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ABSTRACT: Over the centuries, cancer has been considered one
of the significant health threats. It holds the position in the list of
deadliest diseases over the globe. In women, breast cancer is the
most common among many cancers and is the second most
common cancer all over the world, while lung cancer is the first.
Cyclin-dependent kinase 8 (CDK8) has been identified as a critical
oncogenic driver that is found in breast cancer and associated with
tumor progression. Flavonoids were virtually screened against
CDK8 using molecular docking, drug-likeness, ADMET prediction,
and a molecular dynamics (MD) simulation approach to determine
the potential flavonoid structure against CDK8. The results
indicated that ZINC000005854718 showed the highest negative
binding affinity of −10.7 kcal/mol with the targeted protein and passed all the drug-likeness parameters. Performed molecular
dynamics simulation showed that docked complex systems have good conformational stability over 100 ns in different temperatures
(298, 300, 305, 310, and 320 K). The comparison between calculated binding free energy viaMM/PB(GB)SA methods and binding
affinity calculated via molecular docking suggested tight binding of ZINC000005854718 with targeted protein. The results
concluded that ZINC000005854718 has drug-like properties with tight and stable binding with the targeted protein.

1. INTRODUCTION
Cancer is the primary cause of mortality worldwide and the
second leading cause of death.1 More than 277 different types
of cancers have been discovered by scientists.2 Prostate, lung,
bronchus, colon, rectum, and urinary bladder cancers are
commonly seen in men, while breast, lung, bronchus, colon,
rectum, uterine corpus, and thyroid cancers are common in
women.3−5 Prostate and breast cancer cases are widely
reported as compared to other cancers.2,3,6 Public health
issues related to breast cancer are getting worse. Significant
progress has been achieved in treating breast cancer, but it has
been less successful in predicting high-risk women and
preventing the disease.7 Breast cancer has had the greatest
cancer incidence in women worldwide for a long time. Parent-
inherited genetic variants are responsible for 5−10% of breast
tumors. Women with close blood relatives are at higher risk for
breast cancer, even though less than 15% of breast cancer
patients have a family history of the concerned disease. For
instance, a woman’s risk of developing breast cancer gets
doubled if her mother, sister, or daughter has the condition,
and it gets roughly tripled if two of her first-degree relatives
have it.8 Hormones frequently used in birth control methods
may increase the risk of breast cancer. Depo-Provera, an
injectable form of progesterone, has been linked to an

increased risk of breast cancer, although this does not appear
to be the case 5 years after the doses are stopped.9 In the
current era, screening mammography detects more than half of
breast cancer cases in the United States, with around one-third
diagnosed as palpable breast tumors.10

Aberrant cell proliferation and irregular gene functioning are
hallmarks of any type of cancer. In human cells, cyclin-
dependent kinases (CDKs) help to control the critical cell
cycle and transcription events that lead to proliferation.11,12 In
various proliferative diseases such as cancer, CDK acts as a
small part of serine/threonine protein kinases, which may be a
potential therapeutic target.13 The CDK family is classified into
three types: the first cell cycle-related subfamilies include
CDK1, CDK4, and CDK5; the second transcriptional
subfamilies include CDK7, cyclin-dependent kinase 8
(CDK8), CDK9, CDK11, and CDK20; and others may
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contain CDK5, CDK14−18, and so forth.14 CDKs are one of
the primary regulators of the cell cycle and transcription.15

Specifically, CDK8 plays a crucial role in transcription and
oncogenesis, which is known to be a large transcription
member of the CDK family and has received special attention
for research. CDK8 has been identified as a key driver of
oncogenesis in many cancers.16 The enzyme CDK8 controls
the transcription by either interacting with the mediator
complex or by phosphorylating the transcription factors.17

Factors which contributes to oncogenesis in case of colorectal,
breast and hematological cancer include activation by CDK8,
Wnt/β-catenin signaling, transcription associated with estrogen
inducible genes and depriving levels of super-enhancer
associated genes.18 CDK8 may act as a multiprotein which

manages the RNA polymerase II-dependent transcription.
Most research has already been done and reported the role of
CDK8s as an oncogene. The various biological functions of
CDK8 and its allegedly context-specific significance in many
types of cancers have inspired considerable interest, and maybe
even more disagreement, in developing CDK8 inhibitors as
prospective cancer therapy agents.16 Flavonoids are plant-
based phenolic compounds having metabolism process
modulatory activity to prevent degenerative and chronic
diseases.19,20 Flavonoids are an essential class of plant-based
secondary metabolites.21 Flavonoid compounds have a broad
range of therapeutic activities such as anti-cancer activity, anti-
viral/bacterial activity, anti-inflammatory activity, anti-age-
dependent neuropathology activity, anti-diabetic activity,

Figure 1. Schematic representation of workflow applied in the current research.

Figure 2. Validation and quality evaluation of the prepared protein structure (PDB: 6T41) by using (a) Ramachandran plot (PROCHECK), (b)
ERRAT, and (c) Verify3D plot showing amino acids in favored regions. (d) Overall model quality and (e) local model quality observed via ProSA-
web.
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cardioprotective activity, and anti-oxidant activity.21−27 In the
current work, number of phytochemicals were used to screen
against CDK8.
Identification of drug candidates via a computational

screening approach is a promising and cost-effective strategy
that plays a vital role in the drug discovery and development
pipeline.28 Computational chemistry based approaches in
target identification and drug discovery help medicinal
chemists cover the broad range of theoretical parts of modern
drug discovery.29 Nowadays, computational tools are getting
more and more advanced, and it is made possible due to the
increased capabilities of computers, supercomputers, and
parallel computing techniques to handle critical tasks of the
drug discovery pipeline.30 In the present study, molecular
docking study, drug-likeness prediction, ADMET prediction,
molecular dynamics (MD) simulation study, and binding free
energy calculations were applied to identify potential lead
candidates from screened ligand library. Molecular docking
was done to find the potential flavonoids having a good
binding affinity with CDK8 (PDB: 6T41). The drug-likeness
and ADMET prediction were made to identify the drug-like
compound. Pharmacophore modeling was done to explore the
standard pharmacophoric features in docked compounds. A
MD simulation study provides real-time confirmation of the
stability of the protein−ligand complex over the simulated time
scale. Computer-aided drug discovery (CADD) reduces the
time and cost of experimental work.31,32 A schematic
representation of different computational studies applied in
the current work is illustrated in Figure 1.

2. RESULTS
2.1. Protein and Ligand Preparation. The prepared

protein structure of PDB: 6T41 was subjected to quality
evaluation using various online tools. Ramachandran plot for
PDB: 6T41 was generated using the PROCHECK server and
studied to determine the changes that occurred in the protein
structure after the protein preparation process. The generated
Ramachandran plot revealed that 91.5% of residues are present
in favored regions, as shown in Figure 2a. The overall quality
factor obtained from ERRAT for the prepared protein
structures was found to be 96.1149% (Figure 2b). Verify3D
score results indicated that 91.52% of the amino acid residues
are averaged the atomic model (3D) to amino acid sequence
(1D) score ≥0.2, which is a good score (Figure 2c). The z-
scores obtained from the ProSA-web server for all chains in
PDB: 6T41 are determined by X-ray crystallography (light
blue) or NMR spectroscopy (dark blue) regarding their length,
and the overall model quality as the z-score of PDB: 6T41 is
−7.22, which is highlighted in Figure 2d with a black dot.
Figure 2e represents the local model quality obtained from
ProSA-web energy plot of PDB: 6T41 in which the thick line
indicates the average energy throughout each 40-residue
fragment while a thin line in the plot’s background indicates
average energy with a window size of 10 residues. Binding
pocket analysis using BIOVIA Discovery Studio revealed that
VAL27, GLY28, TYR32, VAL35, TYR36, LYS37, ALA38,
ASP48, TYR49, ALA50, LEU51, LYS52, PHE97, ASP98,
TYR99, ALA100, GLU101, HIS102, ASP103, LEU104,
TRP105, HIS106, PRO154, ALA155, ASN156, ILE157,
LEU158, VAL159, MET160, GLY161, ARG168, VAL169,
LYS170, ILE171, ALA172, ASP173, MET174, and ARG356
are the key amino acid residues present in the analyzed binding
pocket of PDB: 6T41, and the identified binding pocket is

represented with the yellow sphere in Figure 3. Ligands were
energy-minimized using the OpenBabel package of PyRx and
used for further in silico studies.

2.2. Molecular Docking. A molecular docking study was
carried out using flavonoid structures as ligand groups and
CDK8 as a macromolecule. The AutoDock Vina program of
PyRx 0.8 was used to perform the molecular docking
study.33,34 Downloaded structures of flavonoids and standards
were docked against CDK8 using the algorithm of docking
software to obtain the binding confirmations and binding
affinity. Eight hundred structures of flavonoids along with five
standards {N-[(4-chlorophenyl)methyl]quinazolin-4-amine,
CCT251545, ponatinib, linifanib, and cortistatin A} were
docked, and the binding affinity of flavonoids and standards
were compared. The results of the molecular docking study
showed that out of a l l the docked flavonoids ,
ZINC000005854718 showed a binding affinity of −10.7
kcal/mol with CDK8 (PDB: 6T41). The resulting binding
affinity of standards obtained via molecular docking was found
as STD1 {N-[(4-chlorophenyl)methyl]quinazolin-4-amine}
showed a binding affinity of −8.6 kcal/mol, STD2
(CCT251545) showed a binding affinity of −8.1 kcal/mol,
STD3 (ponatinib) showed a binding affinity of −10 kcal/mol,
STD4 (linifanib) showed a binding affinity of −10.5 kcal/mol,
and STD5 (cortistatin A) showed a binding affinity of −10.1
kcal/mol. The binding affinity of ZINC000005854718 and
ZINC000013485410 was found to be the lowest as compared
to the used standards. The visualized interactions of ligands in
the binding pocket of PDB: 6T41 indicated that all the docked
ligands are bound in the obtained binding pocket (Figure 3).
Binding interactions indicated that the GLY28 residue is
involved to form a carbon−hydrogen bond (HB) between the
targeted protein and all the docked ligands. Figure 4a,b
represents the 3D visual of ZINC000005854718 binding in the
binding pocket of PDB: 6T41. Figure 4c indicates the
r ep re s en t a t i on o f 2D b ind ing in t e r a c t i on s o f
ZINC000005854718 with PDB: 6T41, showing that the ligand

Figure 3. Highlighted yellow sphere represents the identified binding
pocket in PDB: 6T41.
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group was formed by binding with GLY28, ARG356, ASP173,
TRP105, LEU158, VAL35, LYS52, PHE97, ALA50, ALA155,
ALA100, ALA172, ILE79, and all these amino acid residues are
present in the active pocket obtained via binding pocket
analysis. In Figure 4d, the interacting groups of
ZINC000005854718 are highlighted with respective colors.
CH3 groups highlighted with the purple colored box indicate
the π−σ interaction with TRP105. The ARG356 and ASP173
amino acid residues of the targeted protein are involved in π−
cations and π−anions with the aromatic rings present in
ZINC000005854718 and highlighted with orange circles in
Figure 4d. The highlighted oxygen group with sky blue color
formed a carbon−HB (covalent bond) with GLY28, and all the
CH3 groups highlighted with pink color formed alkyl and π−
alkyl interactions with LEU158, VAL35, LYS52, PHE97,
ALA50, ALA155, ALA100, ALA172, and ILE79. The covalent
binding between the oxygen group and GLY28 showed the
lowest distance (2.66 Å), and this interaction may contribute
to the formation of the stable protein−ligand complex. The 3D
visualization indicating the ligand interactions with the
targeted protein is represented in Figure 5. Through the

results of molecular docking, it is found that 180 out of 800
docked flavonoids have a binding affinity of more than −9
kcal/mol with CDK8 (PDB: 6T41). The ligands having a
binding affinity of more than −9 kcal/mol were further
subjected to drug-likeness prediction. The interactions of top-
docked flavonoids with a binding affinity of more than −9
kcal/mol are represented in Table S1. The interactions of the
first 10 flavonoids with the highest negative binding affinity
and docked standards are represented in Table 1. The
protein−ligand complex of 6T41−ZINC000005854718 was
further subjected to a MD simulation study to determine the
stability of the complex system.
2.3. Drug-Likeness and In Silico ADMET. Drug-likeness

and in silico ADMET profiling are necessary tasks in the drug
discovery pipeline because it gives information regarding the
drug-like properties of the ligand structure. A compound is
denoted as a drug candidate only if it passes the drug-likeness
prediction. Lipinski’s rule of five is a commonly applied rule to
determine the drug-like properties of compounds. Rule of five
is a set of phytochemical parameters including molecular
weight (MW), lipophilicity (mLog P), number of HB

Figure 4. (a) ZINC000005854718 bound in the binding cavity of 6T41, (b) 3D view of ligand binding in the binding cavity and (c) 2D interaction
of ZINC000005854718 with 6T41, and (d) highlighted interacting groups of ZINC000005854718.
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acceptors (nHBA), number of hydrogen bond donors
(nHBD), and molar refractivity (MR). After molecular
docking, it is found that a total of 180 flavonoids showed a
binding affinity of more than −9 kcal/mol, and these 180
flavonoids were subjected to drug-likeness prediction using
SwissADME, and through the results, it is observed that 91 out
of 180 flavonoids followed Lipinski’s rule of five with a
minimum or zero violation in the rule. Along with Lipinski’s
rule of five, other physicochemical properties such as the
topological polar surface area (TPSA) and the number of
rotatable bonds (nRot) were determined using SwissADME,
and 91 flavonoids were passed all these properties. Medicinal
chemistry (PAINS #alerts and Brenk #alerts) of structures was
also predicted using SwissADME. The results of drug-likeness
prediction of all 91 flavonoids with a binding affinity of more
than −9 kcal/mol are represented in Table S2, and out of 91
flavonoids, the first 10 flavonoids with the highest negative
binding affinity are represented in Table 2. Pharmacokinetics
(ADMET) profiling of 91 flavonoid structures having good
drug-likeness properties was determined using pkCSM servers.
Through the results of ADMET prediction, it is observed that
almost all the selected flavonoids have good ADMET
properties, as shown in Tables 3 and S3. Four out of 91
flavonoids showed positive results in AMES toxicity, and
hence, they may not be mutagenic in nature. Drug-likeness and
in silico ADMET profiling of ZINC000005854718, which
showed the highest negative binding affinity via molecular
docking, showed satisfactory results with good drug-like
properties and it also followed the ADMET requirements.
2.4. MD Simulation. 6T41−ZINC000005854718 showed

the highest negative binding affinity and followed all the
parameters to be a drug-like candidate. Hence, the MD
simulation study using this protein−ligand complex along with
the empty targeted CDK8 structure (PDB: 6T41) was
performed. The estimation and comparison of the stability,

conformational changes, and residual fluctuations in the
complexes and empty protein over the 100 ns simulation
were done using a simulated MD trajectory. The MD
simulation study of the targeted CDK8 structure (PDB:
6T41) in the varied temperature condition resulted in
increased fluctuations in the root-mean-square fluctuations
(RMSFs) as shown in Figure S1. The CDK8 structure
responded differently in all the simulated temperatures. The
structure of CDK8 (PDB: 6T41) attained the minimum
residual fluctuations in 305 and 320 K as compared to the
other temperatures. In the body temperature (310 K), the
structure of CDK8 (PDB: 6T41) showed increased RMSFs
ranging from ∼0.5 to ∼3 nm. Similarly, the structure of CDK8
(PDB: 6T41) showed increased RMSFs at room temperature
(298−300 K). The selected protein−ligand complex (6T41−
ZINC000005854718) was also simulated in five different
temperature conditions to determine its configurational
changes that occurred in 298, 300, 305, 310, and 320 K.
The root-mean-square deviations (RMSDs), RMSFs, radius of
gyration (Rg), HB analysis, and principal component analysis
(PCA) were carried out using the final MD trajectories.
The RMSD profiling of the simulated complex was carried

out to determine the dynamic behavior and stability over the
course of 100 ns. Through the RMSD analysis, it is observed
that the 6T41−ZINC000005854718 complex showed the
highest stable confirmations with minimum deviations in 298
K with RMSD ranging from ∼0.3 to 0.4 nm. The calculated
RMSD of the complex simulated at 300 K ranged between
∼0.3 and ∼0.5 nm, and the RMSD of 6T41−
ZINC000005854718 simulated in the body temperature
(310 K) indicated increased scattering in the RMSD plot
(ranging from 0.4 to 0.8 nm) as compared to the other four
temperature conditions. The calculated RMSD for simulation
at 320 K indicated the minimum scattering in RMSD values.
The RMSD plots analyzed for 6T41−ZINC000005854718 at

Figure 5. 3D representation of protein−ligand interactions.
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Table 1. Binding Affinity of Flavonoids against CDK8 (PDB: 6T41) along with the Interacting Residue and the Type of
Interaction

compound ID binding affinity (kcal/mol) interacting residues distance type of interaction

N-[(4-chlorophenyl)methyl]quinazolin-4-amine (STD1) −8.6 ARG356 4.78 π−cation
PHE97 3.92 π−π stacked
VAL35 3.81, 4.28 π−alkyl
ALA50 4.91 π−alkyl
VAL27 5.31 π−alkyl
ALA172 4.52 π−alkyl
LYS52 4.96 π−alkyl
ILE79 4.86 π−alkyl
PHE97 5.02 π−alkyl

4TV (CCT251545) (STD2) −8.1 SER221 3.59 carbon HB
ALA2 3.16 carbon HB
ARG157 3.38 carbon HB
PHE195 4.14 π−π stacked
PRO194 4.97 π−alkyl
PRO158 4.06 π−alkyl

ponatinib (STD3) −10 ARG356 2.93 carbon HB
ASP173 3.46 carbon HB
TRP105 3.95 π−σ
ALA100 3.26 halogen (fluorine)
TRP105 4.73, 5.09, 6.11 π−π stacked, π−π T shaped
HIS106 4.89 π−π stacked
VAL27 5.17 alkyl, π−alkyl
VAL35 4.74, 7.79 alkyl, π−alkyl
LYS153 4.66 alkyl, π−alkyl
ALA155 4.81, 5.44, 4.90 alkyl, π−alkyl

linifanib (STD4) −10.5 ASP98 2.51 conventional HB
VAL27 2.27, 2.63 conventional HB
ALA100 2.50, 2.78 conventional HB
TYR99 2.97 carbon HB
TRP105 4.17 π−σ
HIS106 4.67 π−π stacked, π−π T shaped
TRP105 6.53 π−π stacked, π−π T shaped
ALA50 3.55, 4.57 π−alkyl
LEU158 4.85, 5.05 π−alkyl
ILE79 5.25, 5.20 π−alkyl
ALA172 4.62 π−alkyl
VAL35 5.18, 4.58 π−alkyl
ALA100 4.59 π−alkyl

cortistatin A (STD5) −10.1 VAL35 4.20, 5.22 alkyl, π−alkyl
ALA50 3.62, 4.96 alkyl, π−alkyl
ILE79 5.38 alkyl, π−alkyl
ALA100 4.95 alkyl, π−alkyl
LEU158 4.85, 5.10 alkyl, π−alkyl

ZINC000005854718 −10.7 GLY28 2.66 carbon HB
ARG356 4.43, 4.83 π−cation
ASP173 4.68 π−anion
TRP105 3.68, 3.82 π−σ
LEU158 4.31 alkyl, π−alkyl
VAL35 5.20, 5.49 alkyl, π−alkyl
LYS52 5.48 alkyl, π−alkyl
PHE97 4.06, 4.17 alkyl, π−alkyl
ALA50 4.71, 4.73 alkyl, π−alkyl
ALA155 4.48 alkyl, π−alkyl
ALA100 5.03 alkyl, π−alkyl
ALA172 4.81, 3.68 alkyl, π−alkyl
ILE79 4.10, 4.78 alkyl, π−alkyl

ZINC000013485410 −10.6 ASP98 2.54 conventional HB
GLY28 2.85 carbon HB
ASP173 4.99 π−anion
TRP105 3.53, 3.67 π−σ
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Table 1. continued

compound ID binding affinity (kcal/mol) interacting residues distance type of interaction

LEU158 4.51 alkyl, π−alkyl
VAL35 5.13, 5.24 alkyl, π−alkyl
TRP105 4.94 alkyl, π−alkyl
ILE79 4.84, 4.25 alkyl, π−alkyl
ALA50 4.26, 4.86 alkyl, π−alkyl
LYS52 5.31 alkyl, π−alkyl
PHE97 4.01, 4.52 alkyl, π−alkyl
ALA155 4.01, 4.77 alkyl, π−alkyl
A LA100 4.84 alkyl, π−alkyl
ALA172 4.82, 3.44 alkyl, π−alkyl

ZINC000005195832 −10.4 ARG29 2.43 conventional HB
ASP98 2.90 conventional HB
ASP173 5.00 π−anion
LEU158 4.50 alkyl, π−alkyl
VAL35 4.77, 5.10 alkyl, π−alkyl
LYS52 5.42 alkyl, π−alkyl
ALA50 4.45, 4.81 alkyl, π−alkyl
ILE79 4.26, 4.76 alkyl, π−alkyl
PHE97 4.00, 4.26 alkyl, π−alkyl
ALA100 5.03 alkyl, π−alkyl
ALA172 3.72, 4.79 alkyl, π−alkyl

ZINC000002097716 −10.3 ALA100 2.56, 2.75 conventional HB
ARG356 4.92 conventional HB
GLY28 2.80 carbon HB
ASP173 4.02 π−anion
TRP105 3.59, 3.66 π−σ
LEU158 4.96 alkyl, π−alkyl
PHE97 4.02 π−π stacked
VAL27 5.47 alkyl, π−alkyl
TRP105 4.48 alkyl, π−alkyl
VAL35 4.50, 4.21 alkyl, π−alkyl
LYS52 5.12 alkyl, π−alkyl
ALA50 4.43 alkyl, π−alkyl
ILE79 4.77 alkyl, π−alkyl
ALA155 4.33 alkyl, π−alkyl
ALA172 4.31 alkyl, π−alkyl

ZINC000013860547 −10.1 ASP98 2.31 conventional HB
ALA100 2.49 conventional HB
VAL35 5.26 alkyl, π−alkyl
ALA100 4.91 alkyl, π−alkyl
LEU158 5.37, 4.46 alkyl, π−alkyl
ALA50 4.30, 4.51 alkyl, π−alkyl
LYS52 5.31 alkyl, π−alkyl
ILE79 5.00 alkyl, π−alkyl
PHE97 4.04 alkyl, π−alkyl
ALA155 4.30 alkyl, π−alkyl
ALA172 5.09 alkyl, π−alkyl

ZINC000020426551 −10 TYR32 3.00 conventional HB
ALA100 2.62 conventional HB
ASN156 2.14 conventional HB
ASP173 2.53 conventional HB
ARG356 2.71 conventional HB
ASP173 3.96 π−anion
PHE97 3.99, 5.97 π−π stacked
ILE79 4.84 alkyl, π−alkyl
VAL35 4.94, 4.49 alkyl, π−alkyl
LEU158 5.25, 4.93 alkyl, π−alkyl
ALA50 4.06, 4.69 alkyl, π−alkyl
LYS52 5.07 alkyl, π−alkyl
ALA172 4.40 alkyl, π−alkyl

ZINC000012296886 −9.9 TYR32 2.36 conventional HB
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Table 1. continued

compound ID binding affinity (kcal/mol) interacting residues distance type of interaction

ALA100 2.34, 2.43 conventional HB
ASN156 2.84 conventional HB
ASP173 1.97 conventional HB
ARG356 2.71, 2.84 conventional HB
ASP173 4.09 π−anion
PHE97 3.94 π−π stacked
ILE79 4.72 alkyl, π−alkyl
VAL35 4.47, 4.14 alkyl, π−alkyl
LYS52 5.13 alkyl, π−alkyl
ALA50 4.05, 5.24 alkyl, π−alkyl
ALA172 4.35 alkyl, π−alkyl
LEU158 5.19 alkyl, π−alkyl

ZINC000020763042 −9.9 VAL27 2.34 conventional HB
ALA100 2.28, 2.47 conventional HB
ARG356 2.18, 2.37 conventional HB
GLY28 2.75 carbon HB
HIS106 2.95 carbon HB
ASP713 3.99 π−anion
LEU158 5.04 alkyl, π−alkyl
PHE97 4.07 π−π stacked
ALA50 4.32, 5.46 alkyl, π−alkyl
VAL27 5.35 alkyl, π−alkyl
LYS52 5.12 alkyl, π−alkyl
VAL35 4.44, 4.12 alkyl, π−alkyl
ILE79 4.80 alkyl, π−alkyl
TRP105 5.34 alkyl, π−alkyl
HIS106 4.57 alkyl, π−alkyl
ALA172 4.30 alkyl, π−alkyl
LEU359 5.34 alkyl, π−alkyl

ZINC000005831326 −9.8 ALA100 2.41, 2.51 conventional HB
ARG356 2.56 conventional HB
ARG356 4.69 π−cation
ASP173 3.96 π−anion
TYR99 3.01 π−donor H bond
TRP105 3.71, 3.99 π−σ
PHE97 4.00 π−π stacked
VAL35 4.92, 4.46 alkyl, π−alkyl
TRP105 4.70 alkyl, π−alkyl
LEU158 5.24, 4.27 alkyl, π−alkyl
ILE79 4.87 alkyl, π−alkyl
LYS52 5.02 alkyl, π−alkyl
ALA172 4.42, 5.18 alkyl, π−alkyl
ALA50 4.28, 5.02 alkyl, π−alkyl
ALA155 4.30 alkyl, π−alkyl
HIS106 5.10 alkyl, π−alkyl

ZINC000008764559 −9.8 ALA100 2.52 conventional HB
ARG356 2.29, 2.52 conventional HB
TYR32 3.42 carbon HB
GLY28 2.86 carbon HB
ASP173 3.99 π−anion
VAL35 3.75, 3.96 π−σ
PHE97 4.08 π−π stacked
VAL27 5.34 alkyl, π−alkyl
ALA50 4.29 alkyl, π−alkyl
LYS52 5.13 alkyl, π−alkyl
LEU158 5.13 alkyl, π−alkyl
ILE79 4.79 alkyl, π−alkyl
ALA172 4.28 alkyl, π−alkyl
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varied temperatures are represented in Figure 6. RMSF is a
numerical measurement of individual residue flexibility or how
much a particular amino acid residue moves (fluctuates)
during an MD simulation. The calculated RMSDs were re-
evaluated using RMSF. The variations of amino acid residues
observed in RMSF were aligned with the RMSD to compare
the deviation and fluctuation in the complex structure. The
residues indicating the highest fluctuation in the RMSF may be
responsible for causing the deviation in the RMSD. The RMSF
for 6T41−ZINC000005854718 was determined at 298, 300,
305, 310, and 320 K, as shown in Figure 7. The RMSF of
6T41−ZINC000005854718 per residue was plotted versus
r e s i d u e numbe r . Th e RMSF p l o t o f 6T41−
ZINC000005854718 in 298 K represented that the GLU165
(RMSF value: 0.5314 nm) amino acid residue showed a slight
fluctuation over 100 ns simulation. At 300 K, LEU252 (RMSF
value: 0.6002 nm) and ASP253 (RMSF value: 0.6187 nm)
amino acid residues showed fluctuations. The amino acid
residue, LEU252 (RMSF value: 0.4973 nm), of 6T41−
ZINC000005854718 fluctuated in simulation at 305 K. The
RMSF of amino acid residues present in the targeted protein
structure at body temperature (310 K) indicated fluctuation in
GLU268 (RMSF value: 0.5717 nm), LYS271 (RMSF value:
0.584 nm), MET273 (RMSF value: 0.524 nm), and PHE346
(RMSF value: 0.8383 nm). As compared to the increased
RMSD at body temperature (310 K), the minimum
fluctuations in the RMSF plot confirmed the stable nature of
the amino acid residues of CDK8 (PDB: 6T41). For the
simulation at 320 K, THR229 (RMSF value: 0.5868 nm),
SER230 (RMSF value: 0.4807 nm), and GLU231 (RMSF
value: 0.5245 nm) amino acid residues showed fluctuations.
However, the RMSF values of 6T41−ZINC000005854718
determined at varied temperature conditions remained in the
acceptable range, indicating the stability of particular amino
acid residues present in the protein structure. The RMSF and
RMSD of 6T41−ZINC000005854718 at room temperature
attained the maintained confirmation.
The conformational changes that occurred in the protein

structure during the MD simulation were quantified with the
help of the radius of gyration. The calculated Rg provided the
average distance of all the scattered elements from the center
of mass of the molecule. Moreover, the correlation between
RMSD and RMSF with the obtained Rg provided insights into
the impact of complex compressibility on the deviations in the
complex RMSD and residual fluctuations observed in RMSF.
The time evolution of Rg for the 6T41−ZINC000005854718
complex was studied over 100 ns at varied temperatures, and

through the analysis, it is observed that the Rg values for
6T41−ZINC000005854718 in 300 K slightly get increased
after 30 ns. The compactness of a complex system affects the
residual fluctuations, and it further affects the complex stability.
In the case of body temperature (310 K), Rg analysis showed
consistent compressibility of 6T41−ZINC000005854718 after
20 ns with minimum fluctuation in the Rg value, as shown in
Figure 8. Through the observed Rg, RMSD, and RMSF of
6T41−ZINC000005854718 in 310 K, it is clear that the
complex compressibility did not cause significant residual
fluctuation in RMSF, but some residues showed high RMSF
values, and these residues may be responsible for the slightly
increasing RMSD. The overall analysis of Rg for all the
t em p e r a t u r e - i n d u c e d s im u l a t i o n s o f 6 T 4 1−
ZINC000005854718 indicated the consistent compressibility
of the complex system over 100 ns with negligible deviation in
the plotted Rg values.
The number of HBs present between interactions of the

protein and ligand plays an important role in the stability of
that protein−ligand complex system. The HBs with Rg were
correlated and analyzed over 100 ns at 298, 300, 305, 310, and
320 K simulation conditions. Figure 9 represents the time
evaluation of intermolecular HBs over the 100 ns simulation.
The simulation performed on the body temperature indicated
the highest HB profile over the entire simulation period, and
between 50 and 60 ns, the ligand showed the highest number
of hydrogen formations with the residues of CDK8 (PDB:
6T41). The visualization of post-MD interaction at body
temperature represented in Figure 10 confirmed the formation
of a conventional HB interaction with ARG356 and PHE358,
while HIS102 showed a carbon−HB interaction with the
ligand group. The formed HBs may play a crucial role in
stabilizing the compactness of the complex structure of the
body temperature. Initially, interactions of the docked complex
indicated a lack of conventional HBs after molecular docking
(Figure 4), but the MD simulation study cleared the
conventional HB interaction over 100 ns at 300, 350, 310,
and 320 K.
Further, the simulated MD trajectories of 6T41−

ZINC000005854718 at different temperatures were subjected
to the confirmational PCA of Cα atoms. In the current work,
PCA was done to determine the variability, collective motions,
and changes in protein structural conformational states in the
subsets of the principal components that appeared throughout
the MD simulations. The results for the PCA study using MD
trajectories of 6T41−ZINC000005854718 at 298, 300, 305,
310, and 320 K were carried out via the Bio3D package, and

Table 2. Lipinski’s Rule of Five and Drug-Likeness Prediction of Top-Ranked Ligands

Lipinski’s rule of five

compound ID MW mLog P nHBA nHBD MR
Lipinski’s
violations

Lipinski’s
rule TPSA nRot

PAINS
#alerts

Brenk
#alerts

ZINC000005854718 406.47 2.64 5 3 121.43 0 yes 90.9 5 0 1
ZINC000013485410 390.47 3.2 4 2 119.41 0 yes 70.67 5 0 1
ZINC000005195832 338.35 1.64 5 3 97.71 0 yes 90.9 3 0 1
ZINC000002097716 453.48 2 7 2 124.41 0 yes 115.07 9 0 1
ZINC000013860547 370.35 0.56 7 5 101.75 0 yes 131.36 3 1 2
ZINC000020426551 411.4 0.55 7 3 110.05 0 yes 126.07 8 0 0
ZINC000012296886 369.32 −0.11 7 3 95.63 0 yes 126.07 7 0 0
ZINC000020763042 425.43 0.77 7 3 114.86 0 yes 126.07 9 0 0
ZINC000005831326 411.4 1.37 7 2 109.99 0 yes 115.07 8 0 1
ZINC000008764559 325.32 1.31 5 1 89.53 0 yes 79.98 4 0 0
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the obtained eigenvalues versus eigenvector plots are
represented in Figure 11. The dominating motion from each
trajectory is extracted in the smaller subset and further
compared for the first three eigenvectors (PC1, PC2, and
PC3). The color dots were used to represent the captured
variance by eigenvectors and changing color from blue to white
to red was used to indicate the time of sampling of the
complex. Table 4 represents the dominating motion of 6T41−
ZINC000005854718 at different temperatures extracted in the
smaller subset and compared for the first three eigenvectors
(PC1, PC2, and PC3). 6T41−ZINC000005854718 simulated
at 310 K showed the highest variability in PC1 with regard to
the internal motions of the MD trajectory. While 6T41−
ZINC000005854718 simulated at 305 K showed the minimum
variability in the PC2 statistics, and the resulting PC3
calculations for 6T41−ZINC000005854718 simulated at
different temperatures showed minimum changes depicted
from 6.17 to 8.2%.
2.5. Calculation of MM/PB(GB)SA and DelPhi Anal-

ysis. The highest negative values of binding affinity observed
between the 6T41−ZINC000005854718 interaction (as
shown in Table 1) indicated tight conformational binding.
MM/PBSA using farPPI was utilized to analyze the binding
free energy since only the docking score did not specify a
satisfactory prediction for the binding affinity between the
protein−ligand complex. The result for MM/PB(GB)SA using
PB3, PB4, GB1, GB2, GB5, and GB6 methods indicated that
the complex showed the highest negative binding free energy
as compared to the binding affinity computed via molecular
docking protocol. The binding free energy observed from
MM/PB(GB)SA is more satisfactory, and the compared
energies are represented in Table 5. Moreover, the corrected
reaction field energy and Coulombic energy were calculated
using the DelPhi webserver. The obtained corrected reaction
field energy for 6T41−ZINC000005854718 at 298 K was
found to be −1890.40 kT; at 300 K, it is −1882.32 kT; at 305
K, it is −1866.78 kT; at body temperature (310 K), it is
−1897.23 kT; and at 320 K, it is −1823.29 kT. Similarly, the
observed Coulombic energies are −38 275.43, −38 264.32,
−38 258.01, −38 240.83, and −38 268.28 kT for 298, 300, 305,
310, and 320 K, respectively.

3. DISCUSSION
CDK8 plays a vital role in oncogenesis and has driven a major
attraction as a therapeutic target.35 Cyclin C bounded with
CDK8 plays a crucial role in the regulation of transcription by
the formation of a kinase module or transcription factor
phosphorylation.36 CDK8 and mediator complex serves as a
molecular bridge between transcription factors, chromatin
modifiers, promoters, enhancers, and RNA Polymerase II.37

CDK8 plays a crucial role in cell proliferation and acts as an
oncogene in colon cancer and its gene expression is associated
with prognostication in the case of breast and ovarian
cancers.38 CDK8 participates in the transition process of
epithelial-to-mesenchymal and that plays a vital role in the
metastasis of breast cancer cells.39 Breast cancer patients with
shorter relapse-free survival have been reported to have
increased level of CDK8 and its associated proteins, which
was found to be activated in breast cancers and related to
tumor progression.40 In breast cancers, CDK8 facilitates and
potentiates estrogen receptors which result in estrogen-
induced phosphorylation of the carboxy-terminal domain of
RNA Polymerase II at Ser2, which in turn assists the completeT
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process of transcription of ER-inducible genes more
effectively.16 Due to the oncogenic potential of CDK8, the
effective and selective inhibition of CDK8 is of great interest to
develop a new therapeutic strategy.41

Computational screening techniques have tremendous
applications in the drug discovery pipeline.42 In the past few
decades, molecular docking, in silico pharmacokinetic profiling,
and MD simulations are extensively applied as computer-aided
drug designing tools for identifying therapeutically important
lead molecules.43,44 The main aim of the study was to obtain a
potential CDK8 inhibitor via the high-throughput computa-
tional exploration approach. Molecular docking is an important
bioinformatics tool used for the prediction of binding
confirmations along with the binding affinity of ligands against
target proteins. The performed docking study provided

important insights regarding the binding potential of subjected
flavonoids and target protein. The binding affinities of docked
flavonoids and used standards {CCT251545, ponatinib,
linifanib, cortistatin A, and N-[(4-chlorophenyl)methyl]-
quinazolin-4-amine} were compared, and through the
compa r i s on , i t i s ob s e r v ed tha t l upa l b i g en in
( Z I N C 0 0 0 0 0 5 8 5 4 7 1 8 ) a n d l i c o fl a v o n e B
(ZINC000013485410) showed highest negative binding
affinity than the compared standards. Previously, Ausawasamrit
et al. reported an in vitro study on the anticancer activity of
lupalbigenin against the protein kinase B (pAKT/AKT) and
extracellular signal-regulated kinase (pERK/ERK).45 Recently,
in 2022, Shao et al. reported an investigation of the autophagic
cell death-inducing ability of lupalbigenin on the SW480 cell
line.46 The CDK8 inhibitory mechanism of lupalbigenin and its

Figure 6. RMSDs of 6T41−ZINC000005854718 vs time (100 ns) at 298, 300, 305, 310, and 320 K.

Figure 7. RMSFs of 6T41−ZINC000005854718 at 298, 300, 305, 310, and 320 K.
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stability with CDK8 are still unknown; hence, the behavior of
lupalbigenin in a complex with CDK8 was explored in the
current study. In all the docked ligands, the binding affinity of
lupalbigenin was found at −10.7 kcal/mol, which is the highest
negative binding affinity. Phytoconstituents isolated from the
marine sponge Corticium simplex called cortistatin A is one of
the reference drug used in this study to compare the docking
results and Hatcher et al. reported the CDK8 inhibitory activity
of cortistatin A.47 The binding affinity for cortistatin A was
found to be −10.1 kcal/mol, which is less as compared to the
obtained hit, that is, lupalbigenin (ZINC000005854718). The
pharmacokinetic profiling of 180 ligands with a binding affinity
of more than −9 kcal/mol revealed that 91 ligands satisfied
Lipinski’s rule of five and ADMET requirements.

Further, the MD simulation study of the targeted empty
protein structure and the protein−ligand complex with the
highest negative binding affinity was carried out in varied
temperature conditions to determine the effect of temperature
on the structural rearrangement and the unfolding of the
protein.48−50 Previously, Rocco et al. performed a temperature-
dependent MD simulation of protein structure to determine
the unfolding processes of the simulated structure.51 Similarly,
Rath and Kumar studied the effect of temperature on the
behavior of protein structure under an MD simulation study.52

According to the study published by Dong et al., the flexibility
of protein may vary with the applied temperature conditions.53

The MD simulation of the 6T41−ZINC000005854718
complex system in increasing temperature showed structural
rearrangements, which may be caused by temperature

Figure 8. Radius of gyration (Rg) of 6T41−ZINC000005854718 vs time (100 ns) at 298, 300, 305, 310, and 320 K.

Figure 9. Intermolecular hydrogen bonding study plot for 100 ns MD simulation of 6T41−ZINC000005854718 at 298, 300, 305, 310, and 320 K.
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variation. The simulation performed at body temperature (310
K) provided important insights regarding the stable nature of
the complex system. PCA analysis and calculated Coulombic
energy also contributed to clearing the stability of the complex
systems. The overall computational study indicates the stability
of lupalbigenin (ZINC000005854718) in complex with CDK8,
but still more exploration of the hit molecule via the in vitro
and in vivo study is needed to find out the anticancer activity of
lupalbigenin against the CDK8 cells.

4. CONCLUSIONS
CDKs are one of the main regulators of the cell cycle and
transcription, causing breast and related cancers. CDK has a
huge family in which several CDKs are present, out of which
CDK8 has been identified as a key oncogenic driver in various
cancers. Flavonoids are a group of phytochemicals having a
variety of phenolic structures with medicinal potential. In the
current study, a total of 800 flavonoids were subjected to
identify the potential ligand against CDK8. Modern CADD
techniques such as molecular docking, virtual prediction of
drug-likeness, ADMET prediction, and MD simulation were
performed to identify the lead molecule. As per the molecular
docking results, the binding affinity of selected flavonoids
ranged between −5.5 and −10.7 kcal/mol. Out of all the
docked ligands and standards, ZINC000005854718 showed
the highest negative binding affinity of −10.7 kcal/mol with
the targeted protein (PDB: 6T41). Similarly, it passed all the
criteria to be a drug-like candidate without any toxicity; hence,
it was subjected to MD simulation using five different
conditions to determine the configurational changes occurring
over the 100 ns. In the molecular dynamics simulation study, it

was observed that the 6T41−ZINC000005854718 complex is
stable in the simulation performed using body temperature
(310 K). Moreover, the performed energetics study using
MM/PB(GB)SA and DelPhi analysis suggested that the
6T41−ZINC000005854718 complex has a corrected reaction
field energy of −1897.23 kT and a Coulombic energy of −38
275.43 kT, and energies observed via the MM/PB(GB)SA
approach were found to be good compared to binding affinity.
The binding free energy calculation indicated the tight binding
between 6T41−ZINC000005854718. The results of the
current study can be considered as an initial investigation;
further in vitro or in vivo studies are necessary for the final
confirmation and validation of the inhibitory activity of
ZINC000005854718 against CDK8.

5. COMPUTATIONAL DETAILS
5.1. Protein and Ligand Preparation. The previously

reported 3D crystal structure of CDK8 with PDB: 6T41 having
2.45 Å resolutions was retrieved from the RCSB Protein data
bank (available at https://www.rcsb.org/).40,41 Further, the
downloaded protein structure was cleaned and prepared by
removing water molecules and previously bound ligand groups.
The binding pocket analysis and all the protein preparation
tasks were done using BIOVIA Discovery Studio.54 The
prepared protein structure was subjected to validation and
quality evaluation using the PROCHECK, ERRAT, PROVE,
and Verify3D tools from the SAVES server (available at
https://saves.mbi.ucla.edu/), and the online ProSA-web
(available at https://prosa.services.came.sbg.ac.at/prosa.php)
was used to determine the overall QMEAN score.55−59

Further, the protein structure was protonated by the addition

Figure 10. Post-MD simulation interactions of 6T41−ZINC000005854718 at (a) 298, (b) 300, (c) 305, (d) 310, and (e) 320 K.
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Figure 11. PCA of the MD trajectory of 6T41−ZINC000005854718 at (a) 298, (b) 300, (c) 305, (d) 310, and (e) 320 K. White dots indicate the
intermediate state, blue dots with scattering represent the energetically unstable conformational state, and red dots indicate the stable
conformational state.
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of polar hydrogen atoms. Structures of over 800 flavonoids,
including the flavones, isoflavones, flavanones, and flavonols,
were downloaded from the Zinc Database (available at
https://zinc.docking.org/substances/home/).60,61 However,
five previously reported CDK8 inhibitors (cortistatin A,
CCT251545, ponatinib, and linifanib) and one co-crystalized
ligand group from PDB: 6T41 {N-[(4-chlorophenyl)methyl]-
quinazolin-4-amine} were used as standards to perform and
compare the results of this in silico investigation.35,62−64

5.2. Molecular Docking Studies. Molecular docking was
performed using the AutoDock Vina package of PyRx 0.8
(available at https://pyrx.sourceforge.io/).34,65−67 The PDB
file format of the target protein was loaded in PyRx 0.8 and
then converted as a macromolecule in the PDBQT file format.
The structure of ligands was subjected to energy minimization
(EM) and converted to the PDBQT format using the
OpenBabel plugin of PyRx.68 The ligand structures and
targeted protein were selected in AutoDock Vina, and a grid
box was selected to cover the residues of the binding site, with
dimensions X: 88.11 Å, Y: 66.97 Å, and Z: 88.78 Å and with
center X: −4.8118, Y: −15.065, and Z: 28.1341 using the Vina
workspace. The exhaustiveness was set to default at 8. Further,
the best pose with minimum binding affinity and zero RMSD
was selected for each ligand. Additionally, the interaction
between docked protein and ligand was visualized, and saved
conformations were analyzed with the help of BIOVIA
Discovery Studio.
5.3. Drug-Likeness and In Silico ADMET. Drug-likeness

of selected flavonoid structures was done by applying Lipinski’s
rule of five (Ro5). Lipinski’s Ro5 is the most commonly used
filter to sort the molecules based on their lead-likeness, and it
helps to determine the oral absorptivity of compounds.69 In
the current work, the drug-likeness and ADMET properties of
selected ligands were determined with the help of user-friendly
online tools such as SwissADME (available at http://www.
swissadme.ch/index.php)70 and pkCSM (available at http://
biosig.unimelb.edu.au/pkcsm/).71 SwissADME gives the pre-
dictions of fundamental elements such as physicochemical
properties, drug-likeness, and medicinal chemistry friendliness,

while pkCSM provides the predictive models of central
ADMET properties for drug development.
5.4. MD Simulation. MD simulation of the targeted empty

protein structure, protein−standard complex, and best docked
protein−ligand complex with the highest negative binding
affinity was performed using the GROMACS simulation
package via WebGRO (available at https://simlab.uams.edu/
), and the GROMOS96 43a1 force field was selected.72−75

Topology files of ligand were built using the GlycoBioChem
PRODRG 2.5 (available at http://davapc1.bioch.dundee.ac.
uk/cgi-bin/prodrg) server.76,77 The simple point charge water
model along with a triclinic box was chosen to solvate the
protein−ligand complex system.78 The EM of subjected
complex systems was done using 5000 steps of the steepest
descent algorithm and the protein−ligand complex was
neutralized. The simulation was performed in the presence
of 0.15 M NaCl.79 Canonical (NVT) and isothermal−isobaric
(NPT) ensembles after each step of EM were done to
equilibrate the simulated systems.80−82 The MD simulation of
the protein−ligand complex was performed in different
temperature conditions (298, 300, 305, 310, and 320 K),
and each time, the temperature was maintained with the help
of the Berendsen thermostat approach while the pressure was
maintained at 1.0 bar using the Parrinello−Rahman barostat
approach to control the entire simulated complex system in
each temperature condition.83−85 All the simulations were
performed for 100 ns, and the obtained trajectories of MD
simulation at different temperature conditions were used
further for statistical analysis (RMSD, RMSF, Rg, and HBs).

86

The PCA analysis of the obtained MD trajectories was carried
out using the Bio3D package via the Galaxy Australia
server.87−90

5.5. Calculation of MM/PB(GB)SA and DelPhi Anal-
ysis. The protein−ligand binding free energy is calculated via
the MM/PB(GB)SA methods using the farPPI webserver.91

GAFF2 and ff14SB force fields for the ligand and protein were
used in combination to perform the calculation. The binding
free energy of the protein−ligand complex was calculated using
the PB3, PB4, GB1, GB2, GB5, and GB6 procedure for MM/
PB(GB)SA calculation.92 The number followed by PB is a type
of Poisson−Boltzmann calculation. The parameters applied for
the procedure are the same as the workflow for automated
MM-PBSA and MM-GBSA calculations in AmberTools17.
The entire protocol was prepared and followed according to
previously reported literature by Yalçın et al.,93 Shephali et
al.,94 and Venkateshan et al.95 The calculated binding free
energy of the protein−ligand complex is based on the equation
previously reported by Mohapatra et al.96 Moreover, the
Coulombic energies were calculated for the simulated complex
at all the temperatures using the DelPhi C++ V. 8.4
implemented via the Delphi Webserver (available at http://
compbio.clemson.edu/sapp/delphi_webserver/) which is an
online Poisson−Boltzmann solver to calculate the electrostatic
energies and potential of biological macromolecules.97
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Table 4. Variance in Principal Components Observed via
PCA for 6T41−ZINC000005854718 at Different
Temperatures

principal components

temperature (K) PC1 (%) PC2 (%) PC3 (%)

298 23.6 19.13 7.54
300 45.4 13.37 7.24
305 38.4 9.75 6.89
310 48.3 10.16 6.17
320 33.5 18.51 8.2

Table 5. Calculated Energy Parameters for Each of the
6T41−ZINC000005854718 Complexes

energy type energy (kcal/mol)

AutoDock Vina binding affinity −10.7
MM/PB(GB)SA binding free energy PB3 −18.42

PB4 −25.2
GB1 −40.23
GB2 −41.05
GB5 −45.08
GB6 −30.91
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