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Abstract

Octamer-binding transcription factor 4 (Oct4) is a core regulator in the retention of stem-
ness, invasive, and self-renewal properties in glioma initiating cells (GSCs) and its overex-
pression inhibits the differentiation of glioma cells promoting tumor cell proliferation. The Pit-
Oct-Unc (POU) domain comprising POU-specific domain (POUg) and POU-type homeodo-
main (POUyp) subdomains is the most critical part of the Oct4 for the generation of induced
pluripotent stem cells from somatic cells that lead to tumor initiation, invasion, posttreatment
relapse, and therapeutic resistance. Therefore, the present investigation hunts for natural
product inhibitors (NPIs) against the POUyp domain of Oct4 by employing receptor-based
virtual screening (RBVS) followed by binding free energy calculation and molecular dynam-
ics simulation (MDS). RBVS provided 13 compounds with acceptable ranges of pharmaco-
kinetic properties and good docking scores having key interactions with the POUp domain.
More Specifically, conformational and interaction stability analysis of 13 compounds through
MDS unveiled two compounds ZINC02145000 and ZINC32124203 which stabilized the
backbone of protein even in the presence of linker and POUg domain. Additionally,
ZINC02145000 and ZINC32124203 exhibited stable and strong interactions with key resi-
dues W277, R242, and R234 of the POUyp domain even in dynamic conditions. Interest-
ingly, ZINC02145000 and ZINC32124203 established communication not only with the
POUyp domain but also with the POUg domain indicating their incredible potency toward
thwarting the function of Oct4. ZINC02145000 and ZINC32124203 also reduced the flexibil-
ity and escalated the correlations between the amino acid residues of Oct4 evidenced by
PCA and DCCM analysis. Finally, our examination proposed two NPIs that can impede the
Oct4 function and may help to improve overall survival, diminish tumor relapse, and achieve
a cure not only in deadly disease GBM but also in other cancers with minimal side effects.
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Introduction

Glioblastoma Multiforme (GBM) is a common and devastating malignant form of high-grade
glioma accounting 70% of central nervous system tumors [1, 2]. Despite surgical resection in
combination with radiation therapy and adjunct temozolomide (TMZ) chemotherapy, the
clinical prognosis and median overall survival of GBM patients remain grim with 12-14
months and 5-year survival with3-5% after initial diagnosis [3]. Despite its relatively low fre-
quency, GBM is responsible for 4% of all deaths caused by cancer [4]. Recurrence of malignant
tumors and therapeutic resistance within months following adjuvant therapy are the key con-
tributors to GBM patient’s death and the major challenges in treatment [5]. Evidence signposts
from some studies exposed that a small group of cells called “glioma stem-like cells” (GSCs)
underlie tumor propagation, drug resistance, and relapse after conventional therapy [6]. GSCs
exhibit a quiescence and self-renewal capacity which is responsible for tumor heterogeneity,
maintenance, and metastasis [7]. Therefore, there is an urgent need for specific targeted thera-
pies aiming at the elimination of GSC which could beat this devastating disease by rendering
inordinate significance to the therapeutic advancement of GBM.

Octamer-binding transcription factor 4 (Oct4) is well known as a core GSC regulator estab-
lishing a critical role in GSC maintenance including self-renewal, pluripotency, reprogram-
ming, cellular plasticity, and repressing differentiation [8, 9]. Oct4 belongs to POU (Pit-Oct-
Unc) transcription factor and comprises three domains namely (1) POU domain for DNA
binding (2) an N-terminal transactivation domain and (3) a C-terminal domain which acts as
cell type-specific transactivation domain [10]. The POU domain is composed of two subdo-
mains i.e. POU-specific domain (POUs) with four alpha-helices and the POU-type homeodo-
main (POUyp) domain with three alpha-helices tethered by a flexible linker (approximately
17 amino acid residues long) region [11, 12]. The helix of POU; and the N-terminal part of the
POUyp domain can interact with major groove and minor groove of DNA, respectively,
thereby triggering downstream gene transcription [13]. Oct4 only the member from the POU
family that plays a pivotal role in stem cell renewal and pluripotency; and cannot be replaced
by any other POU family to reprogram the induced pluripotent stem cell (iPSC) [14]. Expres-
sion of Oct4 is regarded to be restricted to pluripotent stem cells and its expression rapidly
down-regulated upon initiation of differentiation [15]. In recent years, a series of studies
reported that Oct4 is highly expressed in various benign and malignant tumors, including gli-
oma, lung cancer, bladder cancer, breast cancer, pancreatic cancer, hepatoma, and oral cancer
[8, 16]. In primary glioma, Oct4 was highly up-regulated and the expression levels were
increased in parallel with pathological grading [8, 17].

In some studies, it has been demonstrated that Oct4 cooperatively activated the SOX2 (sex-
determining region Y-box 2) enhancer region by interacting with SOX4 to maintain the stem-
ness properties of GSCs [18]. Further, Oct4 upregulated the phosphorylation of Stat3 to prolif-
erate the tumor cells and increased the expression of Nestin to inhibit the differentiation of
glial cells [17]. Together with NANOG, SOX2, and other transcription regulators, Oct4 acti-
vated both protein-coding genes and non-coding RNAs necessary for pluripotency which cor-
related with cell fate determination, proliferation, metastasis, drug resistance and invaded
from apoptosis in cancer cells [19, 20]. Oct4 maintained the cancer cell survival partly by
inhibiting apoptosis through the Oct4/TCL1/AKT1 pathway where Tcll enhances the kinases
activity of Aktl to promote cell proliferation [21]. Most importantly, it has been reported that
the overexpression of the only Oct4 found to be a crucial factor for pluripotent of cancerous
cells including GBM [18], lung cancer [22], human oral squamous cell carcinoma, bladder
cancer, and seminoma cancer [21]. Downregulation of Oct4 resulted in the reduction of gli-
oma colony formation and cell proliferation in vitro and in vivo which indicates the vital role
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of Oct4 in tumorigenic activity in GBM self-renewal, aggressiveness, and pluripotency [17,
18].

Although Oct4 plays a pivotal role in the maintenance of pluripotency, stemness, aggres-
siveness, no small molecule inhibitors have been discovered yet to impede the function of
Oct4. Therefore, we hunt for potent small molecule inhibitors to abolish the function of Oct4
using in silico approach which can increase the survival rate not only in GBM patients but also
in most cancer patients. In this study, we investigated the disordered regions present in Oct4
using various tools followed by STRING analysis to explore the functional interactive networks
with other proteins. Subsequently, receptor-based virtual screening was performed to retrieve
potential leads from various natural product databases. Finally, the conformational and inter-
action stability of the complexes was evaluated through molecular dynamics simulation. From
this study, we identified two compounds showing stable interaction with Oct4 even in the
presence of the linker region and in dynamics conditions.

Materials and methods
Sequence analysis

The reviewed full-length protein sequence (UniProt ID: Q01860) of Oct4 was retrieved from
the UniProtKB sequence database [23] representing 360 amino acids (AA). The obtained
sequence was searched through DISPRED3 [24], IUPred2A [25], and PONDR [26] to analyze
the residue level of disordered propensity. In PONDR, the VL-XT predictor algorithm was
used to predict the disorder regions which uses three integrated feedforward neural networks:
the VLI predictor [27], the N-terminus predictor (XN), and the C-terminus predictor (XC)
[28]. Subsequently, the updated version of STRING (Search Tool for the Retrieval of Interact-
ing Genes/Proteins) v11.0 [29] was employed to construct the functional interaction associa-
tive network and interaction of Oct4 with other proteins. Further, physicochemical properties
including molecular weight, isoelectric point, instability index, aliphatic index, and grand aver-
age hydropathicity (GRAVY) were computed by the ProtParam too [30] of Expasy Proteomic
Server [31].

Protein structure prediction and preparation

Since the structure of human Oct4 has not yet been solved experimentally, comparative model-
ing was executed using MODELLERV9.19 [32] to construct 50 3D models. The 3D coordinates
were generated based on the crystal structure of Mus Musculus Oct4 (PDB ID: 3L1P) [33] with
42% identity and 87.77% query coverage (For full length). The generated models were ranked
according to discrete optimized potential energy (DOPE) and the lowest energy model was
selected as the best model. Optimization followed by energy minimization of the best model
was performed by Protein preparation wizard until the root mean square deviation (RMSD) of
the non-hydrogen atoms touched 0.3A by applying OPLS-AA force filed [34, 35]. The mini-
mized structure was evaluated using ProSA, and Saves server to check overall potential errors,
dihedral angle distribution, and calculate the non-bonded interactions between the atoms
respectively [36, 37]. The validated model was superimposed with the template structure to
investigate the reliability of the structure.

Molecular dynamics simulation

MD simulation was carried out to comprehend the stability and dynamic behavior of modeled
structure using Desmond with Optimized Potentials for Liquid Simulations (OPLS) 2005 force
field [38]. The protein was soaked with TIP3P as solvent inside an orthorhombic box and
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neutralized by adding appropriate counter ions and 0.15M of salt concentration [39]. The dis-
tance between the protein and box wall was set to 10A to avoid the steric interaction with its
periodic image. Each simulation was subjected to energy minimization applying a hybrid
method of steepest descent and the Limited memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) algorithms with maximum 5000steps until a gradient threshold was touched up to 25
kcal/mol [40]. The systems were relaxed by constant NVT (number of particles, Volume and
Temperature) ensemble conditions for 1ns to produce simulation data for post-simulation
analysis [41, 42]. The temperature was maintained at 300K for whole simulations using Nose-
Hoover thermostats and the Martyna-Tobias-Klein barostat method was used to maintain sta-
ble pressure. To examine the equation of motion in dynamics, a multi-time step RESPA inte-
grator algorithm was used [43]. The final equilibrated system was carried to perform a 100ns
molecular dynamics simulation and the result was analyzed through the event analysis module
of Desmond.

Binding site prediction and grid generation

The Druggability sites were identified through SiteMap implemented in Schrodinger [44].
SiteMap predicts the binding sites using Goodford’s GRID algorithm which locates the ener-
getically favorable sites by using the interaction energies between the protein and grid probes
[45]. The druggable sites were predicted by various physical descriptors such as size, the degree
of enclosure, the degree of exposure, tightness, hydrophobic, hydrophilic, hydrogen bonding
possibilities, and linking site points that promote protein-ligand interaction [46]. The sites
were then ranked based on the SiteScore (Eq 1) and Dscore (Eq 2) respectively.

SiteScore = 0.0733n1/2 + 0.6688¢ — 0.20p (1)

Dscore = 0.094n1/2 + 0.60e — 0.324p (2)

Where n is the number of site points, e is the enclosure score, and p is the hydrophilic score
[47]. After identification of ranked potential druggability sites, the sites were validated by
superimposing the modeled structure with the crystal structure (PDB ID: 3L1P) and the best
site was chosen for further study.

The validated and top-ranked druggability site predicted by SiteMap was prearranged as
Glide input files for the generation of the receptor grid [48]. The white sphere of SiteMap was
picked to distinguish the position of ligand applying van der Waals radius scaling factor of 1.0
and partial charge cutoff of 0.25 [49].

Ligand database preparation and ADME screening

Initially, the complete ZincNPD, NCINPD, and NPB databases were prepared using the Lig-
Prep module [50]. The optimized potential for the liquid simulation (OPLS)-2005 force field
was employed to preserve the original state and the chirality of ligands [51]. Further, the
Absorption Distribution Metabolism and Elimination (ADME) properties were evaluated by
employing the QikProp module of Schrodinger suite [52] to assess the druggability and filter
the drug-like molecules at an early stage before identifying the new inhibitors. QikProp pre-
dicts both physicochemical and pharmacokinetic properties of the compounds [53]. For con-
sidering the compound in the present study, the compound must satisfy the following criteria

1. Molecular weight of the molecule (mol_MW) 130.0-725.0

2. Predicted central nervous system activity on a -2 (inactive) to +2 (active) scale (CNS) -1 to
+2
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3. Hydrogen bond donor (donorHB) 0.0-6.0

4. Hydrogen bond accepter (accptHB) 2.0-20.0

5. Predicted octanol/water partition coefficient (QPlogPo/w) -2.0-6.5
Predicted aqueous solubility (QPlogS) -6.5-0.5

Predicted brain/blood partition coefficient (QPlogBB) -3.0-1.2

® N

Predicted human oral absorption on 0 to 100% scale (PercentHuman-OralAbsorption)
25% is poor >80% is high

High throughput virtual screening

To identify novel potent inhibitors that interact with the druggable regions of Oct4, receptor-
based virtual screening (RBVS) was performed using the Virtual Screening Workflow (VSW)
available in Glide, Schrodinger [54]. Glide utilizes Systematic and Simulation methods to dis-
cern the conformations and flexibility of ligands [54]. The processed compounds were elapsed
through Glide based three stages of docking protocol such as High Throughput Virtual Screen-
ing (HTVS), Standard Precision (SP), and Extra precision (XP) [46]. In the first phase, HTVS
docking retrieved 10% of the top compounds based on their scoring values where fewer scor-
ing compounds were eliminated. The HTVS retrieved compounds were subjected to SP dock-
ing as input files and the top 10% screened compounds were passed through XP docking.
Glide XP mode determines all reasonable conformations for each low energy conformer in the
designated binding site [55]. The Glide scoring function (G-score) was applied to evaluate the
final energy and to pick the best conformation for each ligand during the docking procedure.
GScore is a modified and extended version of the empirical scoring function that combines
various parameters [56, 57]. The GScore is calculated in Kcal/mol as

GScore = a*xvdW + bx*Coul + Lipo + Hbond + Metal + Site + BuryP
+ RotB(3)

Where vdW = Vander-Waals forces, Coul = columbic forces, Lipo = hydrophobic inter-
actions, Hbond = Hydrogen bonds, Metal = metal-binding term, Site = polar interactions in
the binding site, Bury P = penalty for the buried polar group, RotB = freezing rotatable bonds
and the coefficients of vdW and Coul are a = 0.065 and b = 0.130.

Induced fit docking

Induced fit docking (IFD) was performed to understand the specific interaction between the
modeled structure of Oct4 and screened compounds using IFD application in Schrodinger
[58]. IFD uses both rigid receptor docking (using Glide) and protein structure prediction and
refinement (using Prime) code to provide the best conformation. Initially, Glide [59] generates
possible conformations of the ligand and the top 20 poses of each ligand were refined by Prime
refinement module [60] via rotamer-based library optimizations of the protein side-chain con-
formations [61]. Finally, the putative docked complexes and poses were ranked using the
Glide score function and prime where the best complexes were chosen based on Glide docking
Score, energy, and visual inspection [62, 63].

Binding free energy calculation

The binding free energies of the putative complexes were calculated through prime-MM/
GBSA (Molecular Mechanics/Generalized Born Surface Area) [60] to cross verify the docking
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results of Glide XP and IFD. MM/GBSA is an elision of a procedure that integrates OPLS
molecular mechanics energies (EMM), an SGB solvation model for polar solvation (GSGB),
and a nonpolar solvation term (GNP) comprised of the nonpolar solvent accessible surface
area and van der Waals interactions [64]. The binding free energy calculation is expressed as

AGbind = Gcomplex — (Gprotein + Gligand) (4)

Where
G = EMM+GSGB+GNP (5)

The Gaussian surface area model instead of vdW was engaged by Prime for representing
the solvent-accessible surface area [65].

Molecular dynamics simulation

To investigate different conformation and interaction of the compounds within the binding
pocket of Oct4, molecular dynamics simulation was carried out using Desmond [38]. The
docking complexes were used as initial structures for computing 50ns MD simulation. The
structures were imported in the set-up wizard of Desmond and soaked with TIP3P inside an
orthorhombic box. All other steps were followed as mentioned in the free form of Oct4 protein
simulation. ProDyv1.10.10 was used to perform Principal component analysis (PCA) followed
by dynamic cross-correlation matrix (DCCM) and prody interface of the VMD-integrated
Normal Mode Wizard(NMW) was employed to construct porcupine plots [66].

Results and discussion
Identification of disordered region and in silico characterization

To analyze the propensity for the intrinsically disordered region of Oct4, the obtained precise
sequence (UniProt ID: Q01860) was subjected to PONDR VL-XT, DISOPRE3, and IUPred2A.
Disordered regions (DRs) were defined as the protein or some part of proteins that lack fixed
or ordered three-dimensional structures that can facilitate their interactions with other pro-
teins and allow more structural changes in the modeled structure [67, 68]. Fig 1 illustrated the
overall disorder profile of the Oct4 protein. According to PONDR VL-XT, Oct4 contains 163
(from 360) disordered residues that are characterized as 45.28% of overall disorder probability.
Further, PONDR VL-XT predicted that there are six DRs consist of at least 15 residues (resi-
dues 1-26, 42-59, 81-126, 218-243, 275-303 and 340-360). The dark black box shown in Fig
la represented the disorder binding region which can get stable order structure during pro-
tein-protein interactions [69, 70]. DISOPRED 3 predicted the high confidence disorder region
at the C-terminal of Oct4 comprising approximately 87 residues long (residues 275-360). DIS-
OPRED 3 also determined three disorder-to-order transition regions (residues 1-21 of N-ter-
minal, 210-230 and 280-360 of C-terminal) which can be stable structure upon binding with
other proteins (Fig 1b). IUPred2A illustrated that the N-terminal and C-terminal are disorder
regions and Oct4 contains a sensitive disorder region (residues 59-79) that can undergo disor-
der-to-order transition to form a stable conformation (Fig 1c) [25]. PONDR VL-XT and DIS-
OPRED 3 showed a similar pattern of disorder region prediction except at the C-terminal
whereas [UPred prediction varies from N-terminal to C-terminals. Despite their different
algorithm to predict the disorder regions, all servers categorized the approximately first 25
amino acid residues of the N-terminal, 77-125 amino acid residues and 286-300 residues of
the C-terminal region of Oct4 as intrinsically disordered region (Fig 1d).
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Protein interaction patterns of Oct4 were investigated through the STRING database using
the sequence search tool and the interaction map illustrated in Fig 2. The generated interaction
diagram from STRING disclosed that Oct4 interacts with SOX2, Nanog, KLF4, ZSCAN10,
CDX2, EPAS1, FOXD3, and so on (Table 1). Oct4 heterodimerizes with SOX2 and generates
induced pluripotent stem cells from differentiated cells [71, 72]. Oct4 together with other tran-
scription factors viz. KLF4, ZSCAN10 possesses a magic power to reprogram the pluripotency
in differentiated cells; to maintain embryonic stem cells, proliferation, self-renewal features
and prevent cell differentiation [73, 74]. Oct4 cooperating with SOX2 and NANOG regulates
several gene expression where these genes play a key role in signaling pathways that attribute
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Fig 2. Protein-protein interaction map of Oct4 generated using online tool STRING. The pink colored rectangular node
represents the query protein (Oct4).
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pluripotency, reoccurrence, and self-renewal of tumor cells [19, 72]. FOXD3 suppresses the
interneuron differentiation by restricting the neural progenitor cells to the lineage neural crest
and maintain the pluripotency [75]. FOXD3 controls the expression of Oct4, NANOG, and
SOX2 and participates in the maintenance of stemness, pluripotency, and survival of precursor
cells [76]. EPAS]1 promotes the Oct4 expression which regulates the maintenance, differentia-
tion, and survival of stem cells thereby contributing to tumor-promoting activity [77]. More-
over, the interaction network result proposed that Oct4 communicated with mostly
transcription factors which play a key role in stem cell maintenance, pluripotency, angiogene-
sis, survival, and self-renewal and repress cell differentiation.

The various physicochemical properties are very important to characterize the protein
which was computed through the ProtParam Tool. The ProtParam Tool found that the molec-
ular weight of Oct4 was about 38.57 KDa. The isoelectric point (pI) is the pH where the protein
net charge will be zero but the surface will be enclosed with the charge which makes the
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Table 1. Tabulated representation of interacting network of Oct4 with other important proteins from STRING database.

Node 1
POUS5F1*
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POU5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POUS5F1
POU5F1
POUS5F1
POUS5F1

* POUS5F1 generic name of Oct4.

Node 2
SALL4
SALL1
ZSCAN10
SMAD4
SOX17
SMAD2
ZIC3
STAT3
PRDM14
TDGF1
SOX2
KLF4
NANOG
CDX2
EPASI1
FOXD3
FGF2
DPPA4
LIN28A
PBX1

Coexpression

0.162
0.061
0.232

0

0
0.049
0.097
0.062
0.158
0.288
0.089
0.055
0.278
0.062

0.116

0.273
0.356

https://doi.org/10.1371/journal.pone.0255803.t001

Experimentally determined STRING database annotated Automated text-mining Total score
0.465 0.9 0.882 0.994
0.139 0.9 0.438 0.948
0.079 0.9 0.441 0.955
0.058 0.9 0.434 0.942
0.475 0 0.9 0.945
0.064 0.9 0.555 0.955
0.152 0.9 0.504 0.957
0.065 0.9 0.694 0.969
0.079 0.9 0.694 0.973
0.162 0.9 0.813 0.987
0.538 0.9 0.984 0.999
0.079 0.9 0.945 0.994
0.262 0.9 0.985 0.999
0.266 0 0.927 0.945
0.262 0.9 0.326 0.945
0.379 0.9 0.744 0.984

0 0.9 0.804 0.979
0.118 0.9 0.663 0.975

0 0.9 0.943 0.996
0.052 0.9 0.422 0.94

protein stable and compact. The pI of the Oct4 was 5.69 indicating the acidic nature (pI<7) of
the protein. The aliphatic index (AI) such as relative volume of the protein occupied by ali-
phatic side chains such as alanine, valine, isoleucine, and leucine considered as positive factors
for the increase of thermal stability of globular proteins [78]. The Al value of Oct4 was 66.61
indicating that Oct4 protein may be stable for a wide range of temperatures. Smaller than 40
instability index considered as stable protein, above 40 considered that the protein may be
unstable. The instability index of Oct4 is 53.24 which demonstrated that the protein is unsta-
ble. The GRAVY of Oct4 is -0.435 indicated the hydrophilic nature of the protein [79].

Protein structure prediction and stability evolution

Since we hunt to identify small molecule inhibitors to abolish the activity of Oct4 thereby we
focused on the Oct4 POU domain subdivided into POUs and POUHD domains (amino acid
residues 138-287) [80] which is the most critical part of the protein for iPSC generation [12,
14]. MODELLERV9.19 was utilized to generate 50 3D coordinates of the Oct4 POU domain
based on template PDB structure of Mus Musculus (PDB ID: 3L1P) with 88.67% identity and
100% query coverage (for residues 138-287) [81]. The model structure having a minimum
DOPE score was considered as the best model and subjected for validation through ProSA,
and SAVES server. The model structure was visualized and shown in Fig 3a and compared
with the backbone structure of the template in Fig 3b. The accurate model must have the root
mean square deviation (RMSD) value less than 2A while the superimposed structure of the
model protein and template was found to be RMSD of 0.102A using Pymol [82] indicating
both the proteins were well matched. PROCHECK examines the stereochemical quality of a
protein structure by analyzing residue-by-residue geometry and overall structure geometry
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Fig 3. Best 3D structure of the homology model Oct4 and validation result. a) Model structure predicted through modeler where green color circle
represented the POUs domain and red color showed POUy domain. b) Structural alignment of model structure with the crystal structure (PDB ID:
3L1P) where model structure displayed in blue color and crystal structure in deep pink color; ¢) Ramachandran plot for model structure (top) and
template structure (3L1P) (bottom) showing the energetically allowed regions for backbone dihedral angles y against ¢ of amino acid residues; d) The
calculated quality (Z) scores generated by ProSA in the context of all experimentally determined protein structures. The top panel Fig represents the
modeled structure and the bottom panel represents the template structure (PDB ID: 3L1P).

https://doi.org/10.1371/journal.pone.0255803.9003

and imparts amino acid residues distribution on the Ramachandran plot [83]. In comparison
with template structure (3L1P) Ramachandran plot, it was evident that 90.2% of the residues
from modeled Oct4 structure were in the most favoured region, 8.7% of the residues were in
the additional allowed region, 0.7% of the residues were in the generously allowed region and
0.4% of the residues were in the disallowed region while for template structure (3L1P) 90.2%
of the residues were in the most favoured region, 8.3% of the residues were in the additional
allowed region, 1.1% of the residues were in the generously allowed region and 0.4% of the res-
idues were in the disallowed region (Fig 3c). The model validation results from PROCHECK
informed that the backbone dihedral angles of y and ¢ angles in the model were reasonably
accurate. The secondary structure of the protein was predicted by PSIPRED [84] and provided
in Sla Fig. ERRAT uses the statistical relation of non-bonded interactions between different
atom types to analyze the structure. It evaluates the overall quality of the model and produces
values around 95% or higher for high-resolution structures and values around 91% for low-
resolution structures [85]. ERRAT predicted value of 92.53% for model structure and 94.66%
for 3L1P suggested that the overall quality factor of the protein structure was satisfactory (S1b
Fig). Furthermore, the predicted 3D coordinates of Oct4 was subjected to ProSA for checking
the potential errors. ProSA calculates the Z-score which includes the overall quality of the
model and deviation of total energy in the random conformation concerning to the energy
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distribution of the predicted model [36]. The Z-score of the template 3L1P and target was
-4.68 and -4. 38 respectively indicating that the model structure was similar to the template
structure (Fig 3d). The knowledge-based energy for model structure and template structure
was displayed the Slc Fig. The results from various servers recommended that the predicted
model was more reliable in terms of main chain stereochemistry and overall quality factors.
Stability and fluctuations in the model protein Oct4 were evaluated by subjecting molecular
dynamics (MD) simulation using Desmond utility implemented in the Schrodinger’s Maestro
suite. Root mean square deviation (RMSD), Root mean square fluctuation (RMSF), Radius of
gyration (ROG), and Secondary structure element (SSE) of Oct4 was monitored during the
100ns MD simulation. The backbone RMSD graph presented in Fig 4a explored that the
model structure was quite unstable throughout the simulation with an RMSD value from 6A
to 17A. The C-alpha RMSF supported RMSD results with an RMSF value of 3A to 12A and
inferred that the whole region of the model protein fluctuated with higher structural motion
(Fig 4b). ROG was analyzed to examine the compactness of the model protein which showed
that the structure was highly destabilized till 50ns with 18A to 24A leading to the loss of protein
compactness and the deviation was reduced after 60ns (Fig 4c). SSE was investigated to check
overall protein structure stability which confirmed that the protein structure had average con-
formation with 60% SSE, mainly composed of helices and loops rather than strands and turns
that showed conformational changes during MD simulation (Fig 4d). As per the report from
Yesudhas et al., Oct4 displayed more deviation due to only separation of 3 base pairs from the

20 18
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Fig 4. Stability evaluation results of predicted 3D coordination of Oct4 through molecular dynamics simulation. a) Backbone RMSD; b) C-
alpha RMSF of Oct4; ¢) ROG for Oct4; d) SSE percentage and its occupancy of helices (orange), strands, turns and loops (white) over 100ns time
period with reference to the index of the residue.

https://doi.org/10.1371/journal.pone.0255803.9004
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Oct4 and Sox2 DNA-binding sites [86] then it is obvious to exhibit high deviation and instabil-
ity of Oct4 without any interacting proteins or DNA. The dynamics results suggested that the
system showed a noticeable aspect of conformational changes which may be stable in the pres-
ence of some macromolecules or small molecules.

Druggable pocket prediction, ligand filtration, and identification of potent
inhibitors through virtual screening

The final validated model was used as an input structure to identify potentially druggable
pocket for virtual screening using the SiteMap tool of Schrodinger. SiteMap predicted three
druggability sites i.e. Site-1, -2, and -3 with site scores 0.730, 0.718, and 0.614 respectively.
Details of other outputted results from this calculation presented in Table 2. The site score was
calculated by analyzing various physical descriptors such as size, degree of enclosure, degree of
exposure, tightness, hydrophobic, hydrophilic, hydrogen bonding possibilities, and linking site
points that contribute to the binding of ligand with protein [87]. By considering site score,
druggability score (Dscore), and volume, Site-1 was considered for further screening of potent
small molecules and displayed in Fig 5a. The site score and Dscore of one or above for each
considered a suitable site for the ligand binding and regulating the activity of protein with
compounds [87]. The selected site having scores near to one was thought to be an appropriate
active pocket for binding of the drug-like compounds. Further, the accuracy of the predicted
binding site was evaluated by superimposing with the template structure 3L1P (complex with
DNA) which showed that the selected druggability pocket (Site-1) was well placed at the bind-
ing site of DNA in the crystal structure (Fig 5b). Site-1 was found on the POUy, domain of
Oct4 which interacts with the DNA sequences. The superimposition of DNA and modeled
Oct4 protein labeled with active site residues has been displayed in Fig 5c. Some studies veri-
fied through crystal structure [88] and simulation [89] that POUyp Domain bound to noncon-
sensus DNA sequences which is a key in the biological function of Oct4 including stem cell
maintenance, self-renewal, and pluripotency [90, 91]. The validated results indorsed that
druggability Site-1 was the best site to generate a receptor grid for further molecular docking
studies.

In this study, optimized natural compound databases ZincNPD, NCINPD, and NPB con-
taining a total of 155819, 55958, and 8395 compounds (with their conformers) were subjected
to ADME filtration to discriminate the drug-like compounds targeting the central nervous sys-
tem. This process provided the advantages to reduce false positives and elude compounds hav-
ing poor pharmacokinetic outlines [92]. As mentioned in the materials and method section,
the significant ADME parameters were calculated using QikProp [52] and a standalone library
was formed compressing a total of 101572 compounds as results of the defined filtration crite-
ria. Further, the filtered compounds were carried forward for receptor-based virtual screening
(RBVS) to identify potent small molecule inhibitors against Oct4. Before performing RBVS,
the receptor grid was generated by prearranging a selected sitemap (Site 1) on the protein
active site to calculate the potential docking score of the drug-like compounds. A multi-tried
screening protocol was performed starting from high throughput virtual screening (HTVS),

Table 2. SiteMap generated druggability site score results.

Number of Sites Site Score
Site 1 0.730
Site 2 0.718
Site 3 0.614

https://doi.org/10.1371/journal.pone.0255803.t002

Dscore Volume Number of Amino acid residues
0.682 134.799 234,235,246,237,280,281,273,284,242, 276,277
0.652 68.257 146,139,190,192,193,194,142,197,143, 198
0.497 64.141 169,224,225,227,228,229,172,173,178
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Fig 5. The identified druggability region of Oct4 by SiteMap. a) the active region of Oct4 with the different colored surface where red represents
negative, blue represents positive and yellow represents hydrophobic regions; b) Superimposition of predicted druggability pocket with the co-crystal
DNA complex protein (PDB ID: 3L1P) where model structure displayed in blue color and crystal structure in deep pink color; ¢) close-up
representation of binding site with amino acid name and numbers.

https://doi.org/10.1371/journal.pone.0255803.9g005

followed by standard precision (SP) to extra precision (XP) where ligand was considered as
flexible and protein as rigid [59, 93]. HTVS screens large databases very fast by reducing the
number of intermediate conformations with rough scoring function while SP is ten times
slower and more accurate than HTVS. XP performs extensive sampling by employing a more
sophisticated scoring function than the SP scoring function. XP specifically eliminates false
positives that collected through SP by penalizing the ligands based on the ligand-receptor
shape complementarity [48, 54]. Top 10157 (10% of 101572) compounds were considered
from the HTVS docking and subjected to SP docking. Among 10157 compounds, 1015 com-
pounds from the SP docking were passed through XP docking. Lastly, we got 101 complexes as
aresult of XP docking. The top 30 complexes were examined through visualization in ordered
to better understand the binding mechanism of the compounds (S1 Table in S1 File). Based
on docking score and interaction study 13 compounds were chosen and subjected to induce fit
docking for further estimation of binding mode. The predicted drug-like properties of the
selected compounds were listed in S2 Table in S1 File. All the selected compounds displayed
good pharmacokinetic properties under the satisfactory range including CNS activity, blood-
brain barrier permeability, and human oral absorption which appeared to be suitable as leads
for further development of anti-GBM drugs.
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Table 3. Induce fit docking results of top thirteen screened potential compounds with different score and interactions with protein.

Sl. No.

1.
2.

RN |

10.
11.
12.
13.

Compound ID
ZINC20410920
ZINC02145000

NSC292567
NPB7083

ZINC00519647
ZINC85876856
ZINC08764609
ZINC15967742

ZINC32124203

ZINC02092319
ZINC14759216
NSC83439
NPB4533

* Sltb: Salt Bridge.

# Pi-cat: Pi-cation.

IFD Score

-338.45
-333.34

-331.08
-329.30

-329.10
-328.87
-328.40
-328.27

-328.13

-326.68
-326.18
-325.06
-324.95

Docking Score | Glide energy | Glide e-model H-bond interacting residues Other interacting residues

-9.895 -55.504 -57.821 R242,1237, 5236, N280, R234 *Sltb: K284

-9.441 -52.716 -67.745 T235, R242, N280 *Sltb: K284
Pi-pi-W277

-8.389 -42.882 -53.854 R232, R234, W277, N280 *Saltb: K231

-7.391 -61.011 -90.673 R281, N280, W277, R234, K284, R242 | Pi-pi: W277
#Pi-cat: K284, R234

-7.687 -43.550 -49.652 R281, N280, W277, R234, T235, R242

-6.099 -45.740 -63.145 W277, K284, R234, T235 #Pi-cat; R242, R234

-8.775 -48.687 -56.841 N280, K284, R234, R242

-7.493 -56.415 -67.500 R234, T235, R242, K285 *Sltb: R232
Halogen: K233
#Pi-cat: R242

-7.164 -45.871 -60.598 K284, N280, W277, R242 *Sltb: R234
#Pi-cat:K284

-6.862 -57.754 -87.322 K284, N280, T235 #Pi-cat: K233

-6.964 -46.202 -67.032 E246, N280, T235 Pi-pi: W277

-8.359 -33.945 -46.796 R242, K284, T235, N280 *Sltb: K284

-6.466 -47.752 -66.822 K284, N280, R234, 1237

https://doi.org/10.1371/journal.pone.0255803.t003

Lead conformation validation through induce fit docking (IFD) and pose

rescoring with MMGBSA

The thirteen selected compounds were redocked through induce fit docking to evaluate the
binding mode. The most important feature of IFD is that the ligand, active site residues of the
protein and its vicinity are considered as flexible for better assessment of protein-ligand inter-
actions [62, 94]. The IFD results of 13 compounds were given in Table 3 and shown in Fig 6a
which clarified that the screened compounds had more affinity to Oct4 with docking score
from -6.099 to -9.895Kcal/mol. The docking results demonstrated that ZINC20410920 exhib-
ited the highest IFD score (-338.45Kcal/mol) and docking score (-9.895Kcal/mol) with the
development of five hydrogen bonds with R242, 1237, S236, N280, and R234 and one salt
bridge with K284. ZINC02145000 was the second-highest scored hit with an IFD score of
-333.34Kcal/mol which communicated with Oct4 by establishing three hydrogen bonds with
T235, R242, and N280; one salt bridge with K284; and one pi-pi interaction with W277. The
compounds NPB7083 and ZINC00519647 interacted with protein by forming six hydrogen
bonds with IFD scores of -329.30Kcal/mol and -329.10Kcal/mol respectively. Both NPB7083
and ZINC00519647 established nearly similar interactions with less differentiation, for
instance, four common hydrogen bonds with R281, N280, W277, R234, and R242. The varia-
tion was that NPB7083 showed one hydrogen bond interaction with K284; two pi-cat interac-
tions with K284, and R234; and one pi-pi connection with W277 whereas ZINC00519647
showed only one hydrogen bond with T235. The amino acid residues R232, R234, W277, and
N280 of the protein involved in hydrogen bond interactions and K231 participated in salt
bridge formation with compound NSC292567. Mostly, all the selected hits showed common
interactions with the amino acid residues R281, N280, W277, R234, T235 and R242 which
showed similar interactions as stated by literature that the amino acid residues R234, R242,
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Fig 6. A close view of interacting residues of Oct4 establishing connections with screened compounds. a) A glance of thirteen
screened compounds binding mode inside the Oct4 DNA binding pocket; b) the 3D image of ZINC20410920 displayed its
communication with Oct4 by forming H-bonds and 2D interaction map generated by LigPlot representing the hydrophobic interaction;
¢) ZINC02145000 interacting image; d) NSC292567; e) NPB7083; f) ZINC00519647.

https://doi.org/10.1371/journal.pone.0255803.9g006

K254, R275, N280 and Q283 from POUHD domain were establishing consistent interactions
with DNA [13, 86]. The 3D interaction of the best five compounds of IFD docking was illus-
trated in Fig 6b-6f where hydrophobic interactions were presented in LigPlot schematic dia-
grams [95]and other compound interactions displayed in S2 Fig. The XP docking followed by
IFD docking results concluded that a funnel base docking can provide effective compounds
[46].

In the comparison of IFD with XP docking scores and interactions, it was evidenced that
ZINC20410920 and ZINC02145000 maintained the same interactions and docking scores as
XP docking (Table 3 and S1 Table in S1 File). All compounds showed variable IFD score and
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Table 4. Calculated binding free energies (Kcal/Mol) of the screened compounds.

S.No. | CompoundID | AGBind | AGBind coulomb | AG Bindvdw | AG Bind covalent | AGBindsolv GB | AGBind Lipo | AG Bind Hbond
1. NPB7083 -85.28 -42.64 -51.76 3.34 45.19 -29.99 -4.72
2. ZINC02092319 -81.91 -30.95 -49.58 1.50 27.82 -24.34 -2.58
3. ZINC15967742 -66.16 -188.44 -40.03 4.11 180.02 -12.98 -6.64
4. ZINC20410920 -82.80 -385.72 -37.16 2.01 358.51 -13.62 -6.60
of ZINC02145000 -59.46 -477.75 -31.57 1.31 465.59 -12.08 -3.28
6. ZINC08764609 -71.18 -176.91 -36.39 1.29 170.70 2572 -4.31
s NPB4533 -59.72 -32.02 -40.74 2.11 31.48 -17.80 2o/
8. ZINC14759216 -66.36 -31.36 -33.19 1.05 25.33 -20.06 -2.99
9. ZINC32124203 -59.26 -221.64 -36.54 1.28 218.43 -12.18 -4.19
10. ZINC85876856 -60.03 -35.88 -31.31 -0.22 31.26 -13.48 -4.15
11. ZINC00519647 -55.79 -231.64 -34.05 5.04 225.82 -15.25 -2.97
12. NSC292567 -70.97 -208.81 -37.47 2.52 193.07 -13.17 -7.11
13. NSC83439 -51.52 -145.10 -28.66 3.47 137.66 -15.37 -3.52

https://doi.org/10.1371/journal.pone.0255803.t004

docking energy in comparison to XP docking but when we considered interaction wise, we
found that the selected compounds established almost the same interactions as XP docking
along with some extra connections. For instance, NSC292567 developed interactions with
R232, R234, W277, N280, and K231 in IFD docking whereas in XP docking it showed its
engagement with T235, R234, and R232 residues only. The compound NPB7083 displayed its
connection with R281, N280, W277, R234, K284, and R242 in IFD docking however in XP
docking it communicated with only amino acid residues N280, K284, T235, and R234 of Oct4.

-46.002

Fig 7. Docking energy and binding energy comparison of screened compounds.

-45871

Binding Energy

Docking Energy

https://doi.org/10.1371/journal.pone.0255803.9g007
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ZINC00519647 exhibited six interactions in IFD docking with the amino acid residues R281,
N280, W277, R234, T235, and R242 and it showed connections with the residues K284, N280,
T235, and R234 in XP docking. Based on both rigid and flexible receptor with better scoring
and interacting amino acid residues, the screened hits were taken for further validation
through binding free energy calculation and molecular dynamics simulation.

The confirmations of the docking results and ligand efficiency were determined by calculat-
ing binding free energy through prime-MM/GBSA (Molecular Mechanics/Generalized Born
Surface Area) [60]. Additionally, the MM-GBSA scoring usually provides a significant correla-
tion with experimentally determined data [96, 97]. The calculated binding free energy for the
screened compounds using the OPLS-AA force field and the GBSA continuum solvent were
represented in Table 4. The calculated binding free energy of the different screened hits was
ranged from -51.52 to -85.28Kcal. The ligand molecule was considered as best which utilizes
less energy to comfort inside the active pocket of the protein [94]. Docking energy and binding
energy were compared to validate the docking pose and the comparison result was displayed
in Fig 7. As predicted by MMGBSA, NPB7083 exhibited the highest negative binding free
energy (-85.28Kcal/mol) which correlated well with the docking energy (-61.011Kcal/mol).
The compound ZINC20410920 was predicted as the second-best binder by the MM/GBSA cal-
culation with a calculated binding free energy of -82.80Kcal/mol and docking energy of
-55.504Kacl/mol. some results of MM/GBSA imparted dissimilarity with the docking energy,
for instance, NSC292567 was established to possess less docking energy (-42.882Kcal/mol) but
showed good binding free energy (-70.97Kcal/mol). Another example of the variation between
MM/GBSA and docking energy was that the compound ZINC02145000 exhibited good dock-
ing energy of -52.716Kcal/mol however displayed low binding free energy of -59.46Kcal/mol.
The compound NSC83439 hypothesized to have the poorest binding free energy (-51.52Kcal/
mol) than all selected compounds which were also matched its docking energy (-33.945Kcal/
mol). In summary, MM/GBSA calculation classified the binding affinity of the top highest and
lowest compounds in the exact place as docking energy while there were little changes in the
order for intermediate docking energy holding compounds. Thereby, we have taken all the
selected complexes for the further validation of the compound stability through molecular
dynamics simulation.

Interaction and stability validation of selected leads through molecular
dynamics simulation

To investigate the effective conformation of hits, the stability of the protein and ligands,
RMSD was examined for each complex with respect to the initial structure through molecular
dynamics simulation for 50ns. RMSD determined the stability of the protein comparative to
its conformation by analyzing the deviation produced during the simulation. The smaller
RMSD value signifies the more stable structure of the protein. The average RMSD of each
complex and free model of Oct4 was calculated after 50ns and plotted in Fig 8a. The backbone
RMSD plot of selected complexes concerning their initial structures indicated that most of the
complexes showed high deviation throughout the simulation which showed the active form of
the ligands inside the binding pocket. Four complexes such as NPB7083, NSC292567,
ZINCO08764609, and ZINC14759216 showed major differences in RMSD with average RMSD
value of 12.85 A, 15.2 A, 12.08 A, and 11.54 A respectively when compared with the free form
of Oct4 (average RMSD of 11.1 1A). Further, NPB4533, NSC83439, ZINC02145000, and
ZINC32124203 complexes exhibited the least deviation with average RMSD values of 6.17A,
6.489, 5.7A, and 6.1A respectively suggesting that these complexes were more stable than other
complexes (separately depicted in S3a Fig). From these four least RMSD complexes, the
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Fig 8. Molecular dynamics simulation results over 50ns. a) Time dependent RMSD (A) of backbone atoms of protein displayed with
average mean variation b) C-alpha RMSF of various mobile regions of the complexes with respect to the residues and mean variation plot of
average RMSF values.

https://doi.org/10.1371/journal.pone.0255803.9008

complex NPB4533 remained unstable in the first 16ns of the simulation and after 16ns sus-
tained stability till the end of 50ns simulation with RMSD of 4.5 A. Although the
Oct4-NSC83439 complex displayed the least average RMSD value, it was characterized by a
higher RMSD deviation during the simulation. The complex ZINC02145000 persisted in
steady form during the entire simulation run with RMSD value ranging from 5A to 6A. From
the starting of the simulation (1ns), the ZINC32124203 complex exhibited a higher RMSD of
~7.5A due to the presence of a linker region between POUs and POUHD domains. The pla-
teau was observed after approximately 11ns for ZINC32124203 and continued until the end of
the simulation.

The residual fluctuation of all the complexes was analyzed by C-alpha motion and local
changes in the secondary structure elements to monitor the various flexible region involving
in the ligand binding (Fig 8b). The C-alpha Root mean square fluctuations (RMSFs) of all
complexes revealed that most of the complexes experienced high fluctuation and supported
the RMSD results. The mean variation plot was plotted to examine the average RMSF value of
the compounds (Fig 8b). Results from the average RMSF analysis unveiled that except
NPB7083 and NSC29567 complexes, all other complexes exhibited less average RMSF value
than the free form of Oct4. The RMSF result of four selected complexes from RMSD analysis
was examined separately which showed maximum fluctuation at the linker region (amino acid
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residues 213-229) (S3b Fig). Further, the ligand-bound protein experienced a low fluctuation
in comparison to free Oct4 protein despite the presence of the linker region (amino acid resi-
dues 213-229) which enabled the compounds to establish strong interaction with the protein
during the whole simulation period. The POUs domains of the ZINC32124203 and
ZINC02145000 complexes also displayed the least variation which was mainly due to the inter-
action of compounds with this region.

The SSE was monitored and analyzed to investigate the overall protein structure stability
after ligand binding throughout the simulation (54 Fig). Results from SSE demonstrated that
all the structures maintained the structural conformation with an approximate SSE of 60%
constituting helices rather than strand or loops, with some exceptions of NPB7083,
ZINC20410920 and ZINC08764609. Table 5 displayed the ratio of SSE in initial structure (apo
Oct4) and its complexes which suggested that all the complexes possessed stable conformation
during the simulation. The SSE results also confirmed that the structure of the selected four
complexes maintained the stable conformation during the entire time of simulation shown in
Fig 9. Additionally, the linker region (amino acid residues 76-92) of four complexes showed
stable conformational changes like from loop to alpha-helix formation throughout the simula-
tion whereas the free model did not display any significant changes (Fig 9). Interestingly in the
complex NPB4533, it was observed that the loop region at the position 36-40 and 95-98 con-
verted to strands at 22ns and continued till 27ns which indicated that binding of the ligand
possibly affecting the overall stability and conformational status of the structure.

The 50ns long simulation trajectories were inspected to evaluate the stability of the hydro-
gen bonds (H-bond) formed by screened compounds with Oct4 at the ligand-binding site (Fig
10a). The total number of H-bonds were calculated for all 13 complexes and demonstrated in
Fig 10b. More interestingly, the results exposed that most of the compounds formed H-bond
with W277 of Oct4 and occupied more than 90% of the simulation time (Fig 10c-10f and S5
Fig). There were a continuous disappearance and reappearance of the H-bonds found in
between screened compounds connecting with different amino acid residues of Oct4 during
the time of simulation in comparison to docking interaction. For instance, docking of the
compound ZINC20410920 showed interactions with R242, 1237, S236, N280, and R234 while
in simulation W277 and K284 exhibited greater occupancy (S5 Fig). This may be to adopt a
favorable ligand binding site due to the initial docking conformational changes during the

Table 5. Showing the ratio of secondary structure elements distributed by the protein throughout the simulation.

SI. No. Protein/complex name %helix %strand %total SSE

1. Apo Oct4 56.24 0.00 56.24
2. NPB4533 59.31 0.08 59.40
3. NPB7083 53.78 0.00 53.78
4. NPB83439 60.71 0.00 60.71
5. NSC292567 58.09 0.00 58.09
6. ZINC00519647 57.48 0.00 57.48
7. ZINC02092319 59.01 0.00 59.01
8. ZINC02145000 58.29 0.00 58.29
9. ZINC08764609 53.23 0.06 53.29
10. ZINC14759216 56.58 0.00 56.58
11. ZINC15967742 57.62 0.00 57.62
12. ZINC20410920 52.63 0.00 52.63
13. ZINC32124203 57.84 0.00 57.84
14. ZINC85876856 59.31 0.00 59.31

https://doi.org/10.1371/journal.pone.0255803.t1005
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Fig 9. Time evaluation of secondary structure elements for model structure and in complex with four selected compounds.

https://doi.org/10.1371/journal.pone.0255803.9009

time of the simulation. Further, a special investigation of selected four complexes revealed that
the compounds ZINC02145000 and ZINC32124203 sustained stable and strong interactions
with Oct4 during the simulation. ZINC02145000 compound presented similar kind of interac-
tions with the T235, R242, N280, K284 (salt bridge), and W277 (Pi-pi) as found in the initial
docking conformation, with some exception such as the interaction of R280 shifted to R281
and extra involvement of K284, and W277 in hydrogen bond formation with high occupancy
(Fig 10d). ZINC32124203 changed its communication with Oct4 from N280, W277, R242,
R234 (salt bridge) and K284 (Pi-Cation) in the initial docking conformation to 1237 and V273
with the additional connection of R234 and K284 with 70-80% occupancy during the simula-
tion (Fig 10f). The compound NSC83439 shifted its H-bond interactions from R242, K284,
T235, and N280 from initial docking conformation to R232, L233, R287, and 1237 during the
simulation time (Fig 10c). The H-bond interactions were less prominent for compound
NPB4533 while it formed hydrophobic interactions instead of H-bonds to remain inside the
binding pocket of Oct4 (Fig 10e). Other than H-bonds, all the compounds engaged the protein
by the hydrophobic, salt bridge and water-mediated communications. Altogether, H-bond
analysis explored that all compounds established strong and stable connections with the
POUyp domain. From H-bond analysis, we were surprised that despite strong and stable
interactions formed by all the compounds with the DNA binding residues of the POUyp
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https://doi.org/10.1371/journal.pone.0255803.g010

domain, the backbone and C-alpha of Oct4 were showing high deviation during 50ns long
simulation.

Therefore, we compared the simulation results with the docking energy and biding free
energy we found that NPB7083 and ZINC20410920 having higher scores but showing high
deviation whereas ZINC32124203 and ZINC02145000 possessing medium score exhibited sta-
ble conformation. For the further confirmation of the atomic movement and their collective
or correlated residual motions in the complexes, principal component analysis (PCA) in com-
bination with cross-correlation analysis were executed to obtain insight into the protein
domain movement in four complexes and compared with apoprotein. PCA, a powerful tool
that has been widely used to probe experimentally detected conformational variations [98].
PCA was applied to the backbone atoms in free Oct4 and four complexes. The principal
motion of protein can be visualized and interpreted as porcupine plots by representing the
eigenvectors that show the direction and magnitude of each of the backbone atoms [99]. The
complete PCA analysis and the contributions of the different regions from the free Oct4 and
four complexes were illustrated in Fig 11. The direction of arrows attached to the backbone
atom of proteins signified the specific direction of motion, while the length of the arrows char-
acterized the strength of the movement and also defined the essential conformational variation
exhibited by the protein. The obtained plot illustrated that free protein inhabited compara-
tively more prominent motions and showed higher fluctuations in contrast to the compound
bound proteins suggesting the major conformational variation occurred in apoprotein during

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 21/30


https://doi.org/10.1371/journal.pone.0255803.g010
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE Octamer-binding transcription factor 4 blockers identification through computational approach

Fig 11. Mode vector analysis. Porcupine plots depicting the dominant motions exhibited by the backbone atom of apoprotein (a)
and the compounds NPB7083 (b), ZINC20410920 (c), ZINC02145000 (d), and ZINC32124203 (e) bound proteins. The arrows
attached to each backbone atom indicate the direction of movement of protein and the length of each arrow shows the magnitude of
the motions.

https://doi.org/10.1371/journal.pone.0255803.g011

the simulation. From Fig 11, it was also evidenced that there was a minimal contribution of
motions from the POUyp domain after the binding with compounds. More specifically, pro-
tein bound to the compounds ZINC32124203 and ZINC02145000 experienced negligible
movement in both domains (POUg and POUyp) and also linking region. Particularly, only
the C-terminal region and some parts of the POUs loop region showed more flexibility in the
ZINC02145000 complex. From this study, we speculated that compound ZINC32124203 and
ZINCO02145000 may have possessed some communication with the POUs domain rather than
only with the POUyp domain.

Structural differences between the five systems were further reviewed where we inspected
dynamic cross-correlated motions (DCCM) in the individual systems. The DCCM depicts
total correlated motions between the protein residues, where the strongly correlated motions
among specific residues are indicated by red color and highly anti-correlated residues are
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Fig 12. Dynamic Cross-correlation Matrix (DCCM) of the backbone atoms during100 ns simulations. The range of the
correlated and anti-correlated motions indicated in various colors in the panel where red color denotes positive correlation
and blue color specified negative correlation.

https://doi.org/10.1371/journal.pone.0255803.9012

specified by blue color (Fig 12). As evident in Fig 12, the global dynamics of the apoprotein
system were disparities to that of all compound bound complexes, implying that substrate
binding imposed some significant secondary structure alterations to the protein which was
verified through SSE analysis. However, the ZINC20410920 system showed more no-correla-
tion motions between the amino acids in contrast to other complex systems. Moreover,
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NPB7083 exhibited a combination of highly correlated and anti-correlated motions whereas
highly correlated motions than anti-correlation motions were observed in ZINC32124203 and
ZINC02145000 complexes. Overall, PCA and DCCM analysis explored that the binding of
compounds ZINC32124203 and ZINC02145000 decrease the flexibility and increase the corre-
lation motion.

But still, our question remained unanswered why NPB7083 and ZINC20410920 possessed
high deviation while ZINC32124203 and ZINC02145000 showed stable conformation. Further
molecular dynamics visual inspection unveiled that ZINC32124203 and ZINC02145000 estab-
lished connections with the POUyp domain as well as POUg domain while NPB7083 failed to
make any communication with the POUs domain and also verified from H-bond analysis.
Then we examined all the complexes and found that the compound which formed any interac-
tion with the POUs domain showed stable conformation such as NPB4533, NSC83439, and
NSC292567 (high RMSD value but stable conformation). This may be due to the open space
provided by simulation while Glide provides a constrained space for docking. From RMSD
results, we concluded that a high degree of deviation of the proteins might have come due to
considering the two domains of protein along with the linker region for simulation rather than
considering only the POUyp domain. From interaction analysis, we found that more interac-
tion with POUyp and POUg domain more was the stability. From PCA and DCCM analysis,
we evidenced that the binding of compounds ZINC32124203 and ZINC02145000 minimized
the flexibility and escalated the correlations between the amino acid residues of Oct4. More
interestingly, from the current investigation, we anticipated that all compounds are active
compounds which can block the activity of the POUyp domain of Oct4 but two compounds
(ZINC32124203 and ZINC02145000) having some extraordinary power to block both domain
functions.

Conclusion

Oct4, a master regulator of stem cell maintenance can induce pluripotency in somatic cells
which cannot be substituted by any paralogous family member. Alone or in cooperation with
Sox2, Nanog and other members, Oct4 activates both protein-coding genes and noncoding
RNAs necessary for pluripotency and self-renewal of glial stem cells reprogramming glioblas-
toma and other cancers. The overexpression of Oct4 contributes to the presence of undifferen-
tiated cells (GSCs) with self-renewal and tumorigenic potential that lead to tumor initiation,
invasion, post treatment relapse, and therapeutic resistance. Therefore, we strive to abolish the
activity of Oct4 by identifying natural product small molecule inhibitors using computational
approaches. Initially, we analyzed the whole sequence to predict the order and disordered
regions which demonstrated that Oct4 consists of more disordered regions than the ordered
regions and possessing protein-protein interaction regions important for the regulation of
GSCs. The order region POU domain containing two subdomains POUg and POUyp, is the
most pivotal region to induce pluripotency in somatic cells which bind with their respective
half motif DNA independently. Subsequently, we endeavored to examine the protein-protein
interaction which depicted that Oct4 mostly interacting with those proteins which are respon-
sible for the maintenance of stem cells, self-renewal, proliferation, pluripotency and lineage
differentiation. It is also interacting with some proteins which regulate the expression of
VEGEF for developing the new blood vessels. Furthermore, to screen small molecule inhibitors
targeting the POUyp domain of Oct4 we pre-filtrated three natural product databases
(ZincNPD, NCINPD, and NPB) to discriminate the druggable molecules and applied recep-
tor-based virtual screening protocol. Receptor based virtual screening delivered 30 compounds
having good docking scores and docking energy. Through visual investigation of interaction,

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 24/30


https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

13 compounds were selected for further analysis. Moreover, the correlation between docking
energy and binding free energy provided a significant correlation with 13 ligand efficiency.
Furthermore, the conformational stability of the protein after ligand binding was evaluated
through molecular dynamics simulation. The simulation results unveiled two compounds
ZINCO02145000 and ZINC32124203 showing stable backbone and strong interaction with
Oct4 even in the presence of linker region and POUs domain and in dynamic condition. More
interestingly, ZINC02145000 and ZINC32124203 compounds engaged the POUyp domain as
well as POUs domain evidenced from PCA analysis indicating the credible potency against
Oct4 function. Lastly, our examination delivered two effective compounds i.e. ZINC02145000
and ZINC32124203 which can impede the Oct4 function and act as anti-GBM or anti-cancer
drugs to treat GBM as well as various types of cancer patients with fewer side effects. These
new compounds can also show better results in in vitro and in vivo validation.

Supporting information

S1 Fig. Structural comparative analysis between model Oct4 protein (left) and template
protein (right) (PDB ID: 3L1P). a) Secondary structure; b) ERRAT analysis; ¢) ProSA knowl-
edge based energy analysis of both model structure and template structure.

(TIF)

S2 Fig. LigPlot generated 2D diagram of eight screened compounds displaying the hydro-
gen bond in green color dotted line and hydrophobic bond in red color dotted line.
(TIF)

S3 Fig. Conformational stability of selected best four complexes during the 50ns of MD
simulation. a) Represents backbone RMSD of complexes relative to the starting complexes; b)
Displays RMSF plot of C-alpha fluctuations of selected complexes.

(TIF)

S4 Fig. Time evaluation of secondary structure element in eight complexes.
(TIF)

S5 Fig. Hydrogen bond occupancy by the protein during simulation time period.
(TIF)

S1 File. Supporting tables: S1 and S2 Tables.
(DOCX)

Acknowledgments
CN and SKS thank Alagappa University for providing the necessary infrastructure.

Author Contributions
Conceptualization: Sanjeev Kumar Singh.
Data curation: Chirasmita Nayak.

Formal analysis: Chirasmita Nayak.
Investigation: Sanjeev Kumar Singh.
Methodology: Chirasmita Nayak.

Project administration: Sanjeev Kumar Singh.

Resources: Sanjeev Kumar Singh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 25/30


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255803.s006
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

Software: Chirasmita Nayak.

Supervision: Sanjeev Kumar Singh.

Validation: Chirasmita Nayak.

Visualization: Chirasmita Nayak.

Writing - original draft: Chirasmita Nayak, Sanjeev Kumar Singh.

Writing - review & editing: Chirasmita Nayak, Sanjeev Kumar Singh.

References

1.

10.

11.

12.

13.

14.

15.

16.

Wang F, Zheng Z, Guan J, et al. (2018) Identification of a panel of genes as a prognostic biomarker for
glioblastoma. EBioMedicine 37:68-77. https://doi.org/10.1016/j.ebiom.2018.10.024 PMID: 30341039

Furnari FB, Fenton T, Bachoo RM, et al. (2007) Malignant astrocytic glioma: genetics, biology, and
paths to treatment. Genes Dev 21:2683-710. https://doi.org/10.1101/gad.1596707 PMID: 17974913

Roos A, Ding Z, Loftus JC, Tran NL (2017) Molecular and Microenvironmental Determinants of Glioma
Stem-Like Cell Survival and Invasion. Front Oncol 7:120. https://doi.org/10.3389/fonc.2017.00120
PMID: 28670569

Gangemi RMR, Griffero F, Marubbi D, et al. (2009) SOX2 Silencing in Glioblastoma Tumor-Initiating
Cells Causes Stop of Proliferation and Loss of Tumorigenicity. Stem Cells 27:40-48. https://doi.org/10.
1634/stemcells.2008-0493 PMID: 18948646

Wang Z, Xu X, Liu N, et al. (2018) SOX9-PDK1 axis is essential for glioma stem cell self-renewal and
temozolomide resistance. Oncotarget 9:192—204. https://doi.org/10.18632/oncotarget.22773 PMID:
29416606

Liau BB, Sievers C, Donohue LK, et al. (2017) Adaptive Chromatin Remodeling Drives Glioblastoma
Stem Cell Plasticity and Drug Tolerance. Cell Stem Cell 20:233-246.€7. https://doi.org/10.1016/j.stem.
2016.11.003 PMID: 27989769

Song W-S, Yang Y-P, Huang C-S, et al. (2016) Sox2, a stemness gene, regulates tumor-initiating and
drug-resistant properties in CD133-positive glioblastoma stem cells. J Chinese Med Assoc 79:538-
545. https://doi.org/10.1016/j.jcma.2016.03.010 PMID: 27530866

Petersen JK, Jensen P, Sagrensen MD, Kristensen BW (2016) Expression and prognostic value of Oct-
4 in astrocytic brain tumors. PLoS One 11:1-14. https://doi.org/10.1371/journal.pone.0169129 PMID:
28030635

You JS, Kelly TK, De Carvalho DD, et al. (2011) OCT4 establishes and maintains nucleosome-depleted
regions that provide additional layers of epigenetic regulation of its target genes. Proc Natl Acad Sci U S
A 108:14497-14502. https://doi.org/10.1073/pnas.1111309108 PMID: 21844352

Shi G, Jin Y (2010) Role of Oct4 in maintaining and regaining stem cell pluripotency. Stem Cell Res
Ther 1:1-9.

Jerabek S, Merino F, Schoéler HR, Cojocaru V (2014) OCT4: Dynamic DNA binding pioneers stem cell
pluripotency. Biochim. Biophys. Acta—Gene Regul. Mech. 1839:138-154. https://doi.org/10.1016/j.
bbagrm.2013.10.001 PMID: 24145198

Jerabek S, Ng CK, Wu G, et al. (2017) Changing POU dimerization preferences converts Oct6 into a
pluripotency inducer. EMBO Rep 18:319-3383. https://doi.org/10.15252/embr.201642958 PMID:
28007765

Anwar MA, Yesudhas D, Shah M, Choi S (2016) Structural and conformational insights into SOX2/
OCT4-bound enhancer DNA: A computational perspective. RSC Adv 6:90138—90153. https://doi.org/
10.1039/c6ra15176k

Jin W, Wang L, Zhu F, et al. (2016) Critical POU domain residues confer Oct4 uniqueness in somatic
cell reprogramming. Sci Rep 6:. https://doi.org/10.1038/srep20818 PMID: 26877091

ShiJd, ShiW, NiL, et al. (2013) OCT4 is epigenetically regulated by DNA hypomethylation of promoter
and exon in primary gliomas. Oncol Rep 30:201-2086. https://doi.org/10.3892/0r.2013.2456 PMID:
23670345

Kim R-J, Nam J-S (2011) OCT4 Expression Enhances Features of Cancer Stem Cells in a Mouse
Model of Breast Cancer. Lab Anim Res 27:147. https://doi.org/10.5625/lar.2011.27.2.147 PMID:
21826175

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 26/30


https://doi.org/10.1016/j.ebiom.2018.10.024
http://www.ncbi.nlm.nih.gov/pubmed/30341039
https://doi.org/10.1101/gad.1596707
http://www.ncbi.nlm.nih.gov/pubmed/17974913
https://doi.org/10.3389/fonc.2017.00120
http://www.ncbi.nlm.nih.gov/pubmed/28670569
https://doi.org/10.1634/stemcells.2008-0493
https://doi.org/10.1634/stemcells.2008-0493
http://www.ncbi.nlm.nih.gov/pubmed/18948646
https://doi.org/10.18632/oncotarget.22773
http://www.ncbi.nlm.nih.gov/pubmed/29416606
https://doi.org/10.1016/j.stem.2016.11.003
https://doi.org/10.1016/j.stem.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27989769
https://doi.org/10.1016/j.jcma.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27530866
https://doi.org/10.1371/journal.pone.0169129
http://www.ncbi.nlm.nih.gov/pubmed/28030635
https://doi.org/10.1073/pnas.1111309108
http://www.ncbi.nlm.nih.gov/pubmed/21844352
https://doi.org/10.1016/j.bbagrm.2013.10.001
https://doi.org/10.1016/j.bbagrm.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24145198
https://doi.org/10.15252/embr.201642958
http://www.ncbi.nlm.nih.gov/pubmed/28007765
https://doi.org/10.1039/c6ra15176k
https://doi.org/10.1039/c6ra15176k
https://doi.org/10.1038/srep20818
http://www.ncbi.nlm.nih.gov/pubmed/26877091
https://doi.org/10.3892/or.2013.2456
http://www.ncbi.nlm.nih.gov/pubmed/23670345
https://doi.org/10.5625/lar.2011.27.2.147
http://www.ncbi.nlm.nih.gov/pubmed/21826175
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

17.

18.

19.

20.

21,

22,

23.
24,

25.

26.
27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Du Z, Jia D, Liu S, et al. (2009) Oct4 is expressed in human gliomas and promotes colony formation in
glioma cells. Glia 57:724-733. https://doi.org/10.1002/glia.20800 PMID: 18985733

Ikushima H, Todo T, Ino Y, et al. (2011) Glioma-initiating cells retain their tumorigenicity through integra-
tion of the Sox axis and Oct4 protein. J Biol Chem 286:41434—41441. https://doi.org/10.1074/jbc.
M111.300863 PMID: 21987575

Rooj AK, Bronisz A, Godlewski J (2016) The role of octamer binding transcription factors in glioblastoma
multiforme. Biochim Biophys Acta 1859:805-11. https://doi.org/10.1016/j.bbagrm.2016.03.003 PMID:
26968235

Pan GJ, Chang ZY1, Schéler HR, Pei D (2002) Stem cell pluripotency and transcription factor Oct4. Cell
Res 12:321-329. https://doi.org/10.1038/sj.cr.7290134 PMID: 12528890

Liu A, Yu X, Liu S (2013) Pluripotency transcription factors and cancer stem cells: Small genes make a
big difference. Chin J Cancer 32:483-487.

Li S-J, Huang J, Zhou X-D, et al. (2016) Clinicopathological and prognostic significance of Oct-4 expres-
sion in patients with non-small cell lung cancer: a systematic review and meta-analysis. J Thorac Dis
8:1587-600. https://doi.org/10.21037/jtd.2016.06.01 PMID: 27499947

UniProt. https://www.uniprot.org/. Accessed 21 Oct 2019.

Jones DT, Cozzetto D (2015) DISOPREDS: Precise disordered region predictions with annotated pro-
tein-binding activity. Bioinformatics 31:857-863. https://doi.org/10.1093/bioinformatics/btu744 PMID:
25391399

Mészaros B, Erdés G, Dosztanyi Z (2018) IUPred2A: context-dependent prediction of protein disorder
as a function of redox state and protein binding. Nucleic Acids Res 46:W329-W2337. https://doi.org/10.
1093/nar/gky384 PMID: 29860432

Predictor of Natural Disordered Regions (PONDR). http://www.pondr.com/. Accessed 21 Oct 2019.

Romero P, Obradovic Z, Li X, et al. (2001) Sequence complexity of disordered protein. Proteins 42:38—
48.

Li Romero, Rani, et al. (1999) Predicting Protein Disorder for N-, C-, and Internal Regions. Genome
Inform Ser Workshop Genome Inform 10:30-40. PMID: 11072340

STRINGDB. http://www.string-db.org. Accessed 21 Oct 2019
ExPASy—ProtParam tool. https://web.expasy.org/protparam/. Accessed 21 Oct 2019.

Gasteiger E, Gattiker A, Hoogland C, et al. (2003) ExPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res 31:3784-8. https://doi.org/10.1093/nar/gkg563 PMID:
12824418

Webb B, Sali A (2016) Comparative Protein Structure Modeling Using MODELLER. In: Current Proto-
cols in Bioinformatics. John Wiley & Sons, Inc., Hoboken, NJ, USA, pp 5.6.1-5.6.37.

Esch D, Vahokoski J, Groves MR, et al. (2013) A unique Oct4 interface is crucial for reprogramming to
pluripotency. Nat Cell Biol 15:295-301. https://doi.org/10.1038/ncb2680 PMID: 23376973

Rout AK, Dehury B, Maharana J, et al. (2018) Deep insights into the mode of ATP-binding mechanism
in Zebrafish cyclin-dependent protein kinase-like 1 (zCDKL1): A molecular dynamics approach. J Mol
Graph Model 81:175-183. https://doi.org/10.1016/j.jmgm.2018.02.002 PMID: 29574323

Reddy KK, Singh SK (2014) Combined ligand and structure-based approaches on HIV-1 integrase
strand transfer inhibitors. Chem Biol Interact 218:71-81. https://doi.org/10.1016/j.cbi.2014.04.011
PMID: 24792351

Wiederstein M, Sippl MJ (2007) ProSA-web: Interactive web service for the recognition of errors in
three-dimensional structures of proteins. Nucleic Acids Res 35:. https://doi.org/10.1093/nar/gkm290
PMID: 17517781

SAVES v5.0—DOE-MBI Structure Lab UCLA. http://servicesn.mbi.ucla.edu/SAVES/. Accessed 21 Oct
2019.

(2016) Desmond, version 4.7. New York, NY: Schrodinger, LLC.

Das M, Prakash S, Nayak C, et al. (2018) Dihydroactinidiolide, a natural product against AB25-35
induced toxicity in Neuro2a cells: Synthesis, in silico and in vitro studies. Bioorg Chem 81:340-349.
https://doi.org/10.1016/j.bioorg.2018.08.037 PMID: 30189414

Vijayalakshmi P., Selvaraj C., Singh S. K., Nisha J., Saipriya K., & Daisy P. (2013). Exploration of the
binding of DNA binding ligands to Staphylococcal DNA through QM/MM docking and molecular dynam-
ics simulation. Journal of Biomolecular Structure and Dynamics, 31(6), 561-571. https://doi.org/10.
1080/07391102.2012.706080 PMID: 22881193

Suryanarayanan V, Singh SK (2015) Assessment of dual inhibition property of newly discovered inhibi-
tors against PCAF and GCNS5 through in silico screening, molecular dynamics simulation and DFT

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 27/30


https://doi.org/10.1002/glia.20800
http://www.ncbi.nlm.nih.gov/pubmed/18985733
https://doi.org/10.1074/jbc.M111.300863
https://doi.org/10.1074/jbc.M111.300863
http://www.ncbi.nlm.nih.gov/pubmed/21987575
https://doi.org/10.1016/j.bbagrm.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26968235
https://doi.org/10.1038/sj.cr.7290134
http://www.ncbi.nlm.nih.gov/pubmed/12528890
https://doi.org/10.21037/jtd.2016.06.01
http://www.ncbi.nlm.nih.gov/pubmed/27499947
https://www.uniprot.org/
https://doi.org/10.1093/bioinformatics/btu744
http://www.ncbi.nlm.nih.gov/pubmed/25391399
https://doi.org/10.1093/nar/gky384
https://doi.org/10.1093/nar/gky384
http://www.ncbi.nlm.nih.gov/pubmed/29860432
http://www.pondr.com/
http://www.ncbi.nlm.nih.gov/pubmed/11072340
http://www.string-db.org
https://web.expasy.org/protparam/
https://doi.org/10.1093/nar/gkg563
http://www.ncbi.nlm.nih.gov/pubmed/12824418
https://doi.org/10.1038/ncb2680
http://www.ncbi.nlm.nih.gov/pubmed/23376973
https://doi.org/10.1016/j.jmgm.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29574323
https://doi.org/10.1016/j.cbi.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24792351
https://doi.org/10.1093/nar/gkm290
http://www.ncbi.nlm.nih.gov/pubmed/17517781
http://servicesn.mbi.ucla.edu/SAVES/
https://doi.org/10.1016/j.bioorg.2018.08.037
http://www.ncbi.nlm.nih.gov/pubmed/30189414
https://doi.org/10.1080/07391102.2012.706080
https://doi.org/10.1080/07391102.2012.706080
http://www.ncbi.nlm.nih.gov/pubmed/22881193
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

42,

43.

44.
45.

46.

47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

57.

58.
59.
60.
61.

62.

63.

approach. J Recept Signal Transduct 35:370-380. https://doi.org/10.3109/10799893.2014.956756
PMID: 25404235

Reddy KK, Singh SK, Tripathi SK, Selvaraj C (2013) Identification of potential HIV-1 integrase strand
transfer inhibitors: In silico virtual screening and QM/MM docking studies. SAR QSAR Environ Res
24:581-595. https://doi.org/10.1080/1062936X.2013.772919 PMID: 23521430

Patidar K, Deshmukh A, Bandaru S, Lakkaraju C, Girdhar A, Vr G, et al. (2016) Virtual Screening
Approaches in Identification of Bioactive Compounds Akin to Delphinidin as Potential HER2 Inhibitors
for the Treatment of Breast Cancer. Asian Pac J Cancer Prev 17 (4):2291-2295. https://doi.org/10.
7314/apjcp.2016.17.4.2291 PMID: 27221932

(2019) SiteMap, Schrodinger, LLC, New York, NY.

Patschull AOM, Gooptu B, Ashford P, et al. (2012) In Silico Assessment of Potential Druggable Pockets
on the Surface of a1-Antitrypsin Conformers. PLoS One 7:36612. https://doi.org/10.1371/journal.
pone.0036612 PMID: 22590577

Tripathi S. K., Selvaraj C., Singh S. K., & Reddy K. K. (2012). Molecular docking, QPLD, and ADME pre-
diction studies on HIV-1 integrase leads. Medicinal Chemistry Research, 21(12), 4239-4251. https://
doi.org/10.1007/s00044-011-9940-6

Ghattas M, Raslan N, Sadeq A, et al. (2016) Druggability analysis and classification of protein tyrosine
phosphatase active sites. Drug Des Devel Ther Volume 10:3197-3209. https://doi.org/10.2147/DDDT.
S111443 PMID: 27757011

Friesner Richard A., Murphy Robert B., Repasky Matthew P., et al. (2006) Extra Precision Glide: Dock-
ing and Scoring Incorporating a Model of Hydrophobic Enclosure for Protein—Ligand Complexes.
https://doi.org/10.1021/JM0512560 PMID: 17034125

Singh S, Vijaya Prabhu S, Suryanarayanan V, et al. (2016) Molecular docking and structure-based vir-
tual screening studies of potential drug target, CAAX prenyl proteases, of Leishmania donovani. J Bio-
mol Struct Dyn 34:2367-2386. https://doi.org/10.1080/07391102.2015.1116411 PMID: 26551589

(2019) LigPrep, Schrodinger, LLC, New York, NY.

Reddy K. K., Singh S. K., Dessalew N., Tripathi S. K., & Selvaraj C. (2012). Pharmacophore modelling
and atom-based 3D-QSAR studies on N-methyl pyrimidones as HIV-1 integrase inhibitors. J Enzyme
Inhib Med Chem, 27(3), 339-347. https://doi.org/10.3109/14756366.2011.590803 PMID: 21699459

(2019) QikProp, Schrédinger, LLC, New York, NY.

Ntie-Kang F (2013) An in silico evaluation of the ADMET profile of the StreptomeDB database. Spring-
erplus 2:353. https://doi.org/10.1186/2193-1801-2-353 PMID: 23961417

Halgren Thomas A., Murphy Robert B., Friesner Richard A., et al. (2004) Glide: A New Approach for
Rapid, Accurate Docking and Scoring. 2. Enrichment Factors in Database Screening. https://doi.org/10.
1021/jm030644s PMID: 15027866

Sharma K, Patidar K, Ali MA, Patil P, Goud H, Hussain T, et al. (2018) Structure-Based Virtual Screen-
ing for the Identification of High Affinity Compounds as Potent VEGFR2 Inhibitors for the Treatment of
Renal Cell Carcinoma. Curr Top Med Chem 18 (25):2174-2185. https://doi.org/10.2174/
1568026619666181130142237 PMID: 30499413

Friesner Richard A., Banks Jay L., Murphy Robert B., et al. (2004) Glide: A New Approach for Rapid,
Accurate Docking and Scoring. 1. Method and Assessment of Docking Accuracy. https://doi.org/10.
1021/jm0306430 PMID: 15027865

Panwar U., & Singh S. K. (2018). Structure-based virtual screening toward the discovery of novel inhibi-
tors for impeding the protein-protein interaction between HIV-1 integrase and human lens epithelium-
derived growth factor (LEDGF/p75). J. Biomol. Struct. Dyn., 36(12), 3199-3217. https://doi.org/10.
1080/07391102.2017.1384400 PMID: 28948865

(2019) Schrodinger Release 2019-2 Induced Fit Docking protocol.
(2019) Glide, Schrodinger, LLC, New York, NY.
(2019) Prime, Schrodinger, LLC, New York, NY.

Clark AJ, Tiwary P, Borrelli K, et al. (2016) Prediction of Protein-Ligand Binding Poses via a Combina-
tion of Induced Fit Docking and Metadynamics Simulations. J Chem Theory Comput 12:2990-2998.
https://doi.org/10.1021/acs.jctc.6b00201 PMID: 27145262

Kaushik AC, Kumar S, Wei DQ, Sahi S (2018) Structure Based Virtual Screening Studies to Identify
Novel Potential Compounds for GPR142 and Their Relative Dynamic Analysis for Study of Type 2 Dia-
betes. Front Chem 6:1-14.

Tripathi SK, Selvaraj C, Singh SK, Reddy KK (2012) Molecular docking, gpld, and adme prediction stud-
ies on hiv-1 integrase leads. Med Chem Res 21:4239-4251. https://doi.org/10.1007/s00044-011-9940-
6

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 28/30


https://doi.org/10.3109/10799893.2014.956756
http://www.ncbi.nlm.nih.gov/pubmed/25404235
https://doi.org/10.1080/1062936X.2013.772919
http://www.ncbi.nlm.nih.gov/pubmed/23521430
https://doi.org/10.7314/apjcp.2016.17.4.2291
https://doi.org/10.7314/apjcp.2016.17.4.2291
http://www.ncbi.nlm.nih.gov/pubmed/27221932
https://doi.org/10.1371/journal.pone.0036612
https://doi.org/10.1371/journal.pone.0036612
http://www.ncbi.nlm.nih.gov/pubmed/22590577
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.2147/DDDT.S111443
https://doi.org/10.2147/DDDT.S111443
http://www.ncbi.nlm.nih.gov/pubmed/27757011
https://doi.org/10.1021/JM051256O
http://www.ncbi.nlm.nih.gov/pubmed/17034125
https://doi.org/10.1080/07391102.2015.1116411
http://www.ncbi.nlm.nih.gov/pubmed/26551589
https://doi.org/10.3109/14756366.2011.590803
http://www.ncbi.nlm.nih.gov/pubmed/21699459
https://doi.org/10.1186/2193-1801-2-353
http://www.ncbi.nlm.nih.gov/pubmed/23961417
https://doi.org/10.1021/jm030644s
https://doi.org/10.1021/jm030644s
http://www.ncbi.nlm.nih.gov/pubmed/15027866
https://doi.org/10.2174/1568026619666181130142237
https://doi.org/10.2174/1568026619666181130142237
http://www.ncbi.nlm.nih.gov/pubmed/30499413
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm0306430
http://www.ncbi.nlm.nih.gov/pubmed/15027865
https://doi.org/10.1080/07391102.2017.1384400
https://doi.org/10.1080/07391102.2017.1384400
http://www.ncbi.nlm.nih.gov/pubmed/28948865
https://doi.org/10.1021/acs.jctc.6b00201
http://www.ncbi.nlm.nih.gov/pubmed/27145262
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.1007/s00044-011-9940-6
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.
85.

Salgado-Moran G, Ramirez-Tagle R, Glossman-Mitnik D, et al. (2013) Docking studies of binding of eth-
ambutol to the C-terminal domain of the arabinosyltransferase from mycobacterium tuberculosis. J
Chem 2013:. https://doi.org/10.1155/2013/601270

Pradiba D., Aarthy M., Shunmugapriya V., Singh S. K., & Vasanthi M. (2018). Structural insights into the
binding mode of flavonols with the active site of matrix metalloproteinase-9 through molecular docking
and molecular dynamic simulations studies. J. Biomol. Struct. Dyn., 36(14), 3718-3739. https://doi.org/
10.1080/07391102.2017.1397058 PMID: 29068268

Bakan A, Meireles LM, Bahar | (2011) ProDy: Protein dynamics inferred from theory and experiments.
Bioinformatics 27:1575-1577. https://doi.org/10.1093/bioinformatics/btr168 PMID: 21471012

van der Lee R, Buljan M, Lang B, et al. (2014) Classification of Intrinsically Disordered Regions and Pro-
teins. Chem Rev 114:6589-6631. https://doi.org/10.1021/cr400525m PMID: 24773235

Uversky VN (2019) Intrinsically Disordered Proteins and Their “Mysterious” (Meta)Physics. Front Phys
7:10. https://doi.org/10.3389/fphy.2019.00010

Lieutaud P, Ferron F, Uversky A V., et al. (2016) How disordered is my protein and what is its disorder
for? A guide through the “dark side” of the protein universe. Intrinsically Disord Proteins 4:61259708.
https://doi.org/10.1080/21690707.2016.1259708 PMID: 28232901

Dosztanyi Z, Meszaros B, Simon | (2010) Bioinformatical approaches to characterize intrinsically disor-
dered/unstructured proteins. Brief Bioinform 11:225-243. https://doi.org/10.1093/bib/bbp061 PMID:
20007729

Boyer LA, Tong IL, Cole MF, et al. (2005) Core transcriptional regulatory circuitry in human embryonic
stem cells. Cell 122:947-956. https://doi.org/10.1016/j.cell.2005.08.020 PMID: 16153702

Fang X, Yoon JG, LiL, etal. (2011) The SOX2 response program in glioblastoma multiforme: An inte-
grated ChlP-seq, expression microarray, and microRNA analysis. BMC Genomics 12:. https://doi.org/
10.1186/1471-2164-12-11 PMID: 21211035

Tsai C-C, Hung S-C (2012) Functional roles of pluripotency transcription factors in mesenchymal stem
cells. Cell Cycle 11:3711-3712. https://doi.org/10.4161/cc.22048 PMID: 22951581

Hattermann K, Fluh C, Engel D, et al. (2016) Stem cell markers in glioma progression and recurrence.
Int J Oncol 49:1899-1910. https://doi.org/10.3892/ij0.2016.3682 PMID: 27600094

Guo Y, Costa R, Ramsey H, et al. (2002) The embryonic stem cell transcription factors Oct-4 and
FoxD3 interact to regulate endodermal-specific promoter expression. Proc Natl Acad SciU S A
99:3663-7. hitps://doi.org/10.1073/pnas.062041099 PMID: 11891324

Weiss MB, Abel E V., Dadpey N, Aplin AE (2014) FOXD3 modulates migration through direct transcrip-
tional repression of TWIST1 in melanoma. Mol Cancer Res 12:1314—1328. https://doi.org/10.1158/
1541-7786.MCR-14-0170 PMID: 25061102

Covello KL, Kehler J, Yu H, et al. (2006) HIF-2a regulates Oct-4: Effects of hypoxia on stem cell func-
tion, embryonic development, and tumor growth. Genes Dev 20:557-570. https://doi.org/10.1101/gad.
1399906 PMID: 16510872

Ikai A (1980) Thermostability and aliphatic index of globular proteins. J Biochem 88:1895-8. PMID:
7462208

Dehury B, Sahu M, Sarma K, et al. (2013) Molecular phylogeny, homology modeling, and molecular
dynamics simulation of race-specific bacterial blight disease resistance protein (xa5) of rice: a compara-
tive agriproteomics approach. OMICS 17:423-38. https://doi.org/10.1089/0mi.2012.0131 PMID:
23758479

Lim HY, Do HJ, Lee WY, et al. (2009) Implication of human OCT4 transactivation domains for self-regu-
latory transcription. Biochem Biophys Res Commun 385:148-153. https://doi.org/10.1016/j.bbrc.2009.
05.029 PMID: 19445899

Grover A, Katiyar SP, Singh SK, et al. (2012) A leishmaniasis study: Structure-based screening and
molecular dynamics mechanistic analysis for discovering potent inhibitors of spermidine synthase. Bio-
chim Biophys Acta—Proteins Proteomics 1824:1476—-1483. https://doi.org/10.1016/j.bbapap.2012.05.
016 PMID: 22684087

DelLano WL (2002) The PyMOL Molecular Graphics System. Delano Sci.

Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK: a program to check the
stereochemical quality of protein structures. J Appl Crystallogr 26:283-291. https://doi.org/10.1107/
s0021889892009944

PSIPRED Workbench. http://bioinf.cs.ucl.ac.uk/psipred/. Accessed 21 Oct 2019.

Colovos C, Yeates TO (1993) Verification of protein structures: Patterns of nonbonded atomic interac-
tions. Protein Sci 2:1511-1519. https://doi.org/10.1002/pro.5560020916 PMID: 8401235

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 29/30


https://doi.org/10.1155/2013/601270
https://doi.org/10.1080/07391102.2017.1397058
https://doi.org/10.1080/07391102.2017.1397058
http://www.ncbi.nlm.nih.gov/pubmed/29068268
https://doi.org/10.1093/bioinformatics/btr168
http://www.ncbi.nlm.nih.gov/pubmed/21471012
https://doi.org/10.1021/cr400525m
http://www.ncbi.nlm.nih.gov/pubmed/24773235
https://doi.org/10.3389/fphy.2019.00010
https://doi.org/10.1080/21690707.2016.1259708
http://www.ncbi.nlm.nih.gov/pubmed/28232901
https://doi.org/10.1093/bib/bbp061
http://www.ncbi.nlm.nih.gov/pubmed/20007729
https://doi.org/10.1016/j.cell.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16153702
https://doi.org/10.1186/1471-2164-12-11
https://doi.org/10.1186/1471-2164-12-11
http://www.ncbi.nlm.nih.gov/pubmed/21211035
https://doi.org/10.4161/cc.22048
http://www.ncbi.nlm.nih.gov/pubmed/22951581
https://doi.org/10.3892/ijo.2016.3682
http://www.ncbi.nlm.nih.gov/pubmed/27600094
https://doi.org/10.1073/pnas.062041099
http://www.ncbi.nlm.nih.gov/pubmed/11891324
https://doi.org/10.1158/1541-7786.MCR-14-0170
https://doi.org/10.1158/1541-7786.MCR-14-0170
http://www.ncbi.nlm.nih.gov/pubmed/25061102
https://doi.org/10.1101/gad.1399906
https://doi.org/10.1101/gad.1399906
http://www.ncbi.nlm.nih.gov/pubmed/16510872
http://www.ncbi.nlm.nih.gov/pubmed/7462208
https://doi.org/10.1089/omi.2012.0131
http://www.ncbi.nlm.nih.gov/pubmed/23758479
https://doi.org/10.1016/j.bbrc.2009.05.029
https://doi.org/10.1016/j.bbrc.2009.05.029
http://www.ncbi.nlm.nih.gov/pubmed/19445899
https://doi.org/10.1016/j.bbapap.2012.05.016
https://doi.org/10.1016/j.bbapap.2012.05.016
http://www.ncbi.nlm.nih.gov/pubmed/22684087
https://doi.org/10.1107/s0021889892009944
https://doi.org/10.1107/s0021889892009944
http://bioinf.cs.ucl.ac.uk/psipred/
https://doi.org/10.1002/pro.5560020916
http://www.ncbi.nlm.nih.gov/pubmed/8401235
https://doi.org/10.1371/journal.pone.0255803

PLOS ONE

Octamer-binding transcription factor 4 blockers identification through computational approach

86.

87.

88.

89.

90.

91.

92,

93.
94.

95.

96.

97.

98.

99.

Yesudhas D, Anwar MA, Panneerselvam S, et al. (2016) Structural mechanism behind distinct effi-
ciency of Oct4/Sox2 proteins in differentially spaced DNA complexes. PLoS One 11:1-21. https://doi.
org/10.1371/journal.pone.0147240 PMID: 26790000

Halgren TA (2009) Identifying and characterizing binding sites and assessing druggability. J Chem Inf
Model 49:377-389. https://doi.org/10.1021/ci800324m PMID: 19434839

Aishima J, Wolberger C (2003) Insights into nonspecific binding of homeodomains from a structure of
MAT0a2 bound to DNA. Proteins Struct Funct Bioinforma 51:544-551. https://doi.org/10.1002/prot.
10375 PMID: 12784213

Babin V, Wang D, Rose RB, Sagui C (2013) Binding Polymorphism in the DNA Bound State of the Pdx1
Homeodomain. PLoS Comput Biol 9:61003160. https://doi.org/10.1371/journal.pcbi.1003160 PMID:
23950697

Nishimoto M, Miyagi S, Yamagishi T, et al. (2005) Oct-3/4 Maintains the Proliferative Embryonic Stem
Cell State via Specific Binding to a Variant Octamer Sequence in the Regulatory Region of the UTF1
Locus. Mol Cell Biol 25:5084-5094. https://doi.org/10.1128/MCB.25.12.5084-5094.2005 PMID:
15923625

Merino F, Ng CKL, Veerapandian V, et al. (2014) Structural basis for the SOX-dependent genomic
redistribution of OCT4 in stem cell differentiation. Structure 22:1274—1286. https://doi.org/10.1016/j.str.
2014.06.014 PMID: 25126959

Muralidharan AR, Selvaraj C, Singh SK, et al. (2015) Structure-Based Virtual Screening and Biological
Evaluation of a Calpain Inhibitor for Prevention of Selenite-Induced Cataractogenesis in an in Vitro Sys-
tem. J Chem Inf Model 55:1686—-1697. https://doi.org/10.1021/acs.jcim.5b00092 PMID: 26270943

(2019) Maestro, Schrédinger, LLC, New York, NY.

Selvaraj C, Sivakamavalli J, Vaseeharan B, et al. (2014) Examine the characterization of biofilm forma-
tion and inhibition by targeting SrtA mechanism in Bacillus subtilis: A combined experimental and theo-
retical study. J Mol Model 20:1-15. https://doi.org/10.1007/s00894-014-2364-8 PMID: 25038633

Laskowski RA, Swindells MB (2011) LigPlot+: Multiple Ligand—Protein Interaction Diagrams for Drug
Discovery. J Chem Inf Model 51:2778-2786. https://doi.org/10.1021/ci200227u PMID: 21919503

Tripathi SK, Singh SK (2014) Insights into the structural basis of 3,5-diaminoindazoles as CDK2 inhibi-
tors: Prediction of binding modes and potency by QM-MM interaction, MESP and MD simulation. Mol
Biosyst 10:2189-2201. https://doi.org/10.1039/c4mb00077c PMID: 24909777

Zhang X, Perez-Sanchez H, C. Lightstone F (2017) A Comprehensive Docking and MM/GBSA Rescor-
ing Study of Ligand Recognition upon Binding Antithrombin. Curr Top Med Chem 17:1631-1639.
https://doi.org/10.2174/1568026616666161117112604 PMID: 27852201

Mhlongo NN, Ebrahim M, Skelton AA, et al. (2015) Dynamics of the thumb-finger regions in a GH11
xylanase Bacillus circulans: comparison between the Michaelis and covalent intermediate. RSC Adv
5:82381-82394. https://doi.org/10.1039/c5ra16836h

Haider S, Parkinson GN, Neidle S (2008) Molecular dynamics and principal components analysis of
human telomeric quadruplex multimers. Biophys J 95:296-311. https://doi.org/10.1529/biophysj.107.
120501 PMID: 18375510

PLOS ONE | https://doi.org/10.1371/journal.pone.0255803  October 6, 2021 30/30


https://doi.org/10.1371/journal.pone.0147240
https://doi.org/10.1371/journal.pone.0147240
http://www.ncbi.nlm.nih.gov/pubmed/26790000
https://doi.org/10.1021/ci800324m
http://www.ncbi.nlm.nih.gov/pubmed/19434839
https://doi.org/10.1002/prot.10375
https://doi.org/10.1002/prot.10375
http://www.ncbi.nlm.nih.gov/pubmed/12784213
https://doi.org/10.1371/journal.pcbi.1003160
http://www.ncbi.nlm.nih.gov/pubmed/23950697
https://doi.org/10.1128/MCB.25.12.5084-5094.2005
http://www.ncbi.nlm.nih.gov/pubmed/15923625
https://doi.org/10.1016/j.str.2014.06.014
https://doi.org/10.1016/j.str.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25126959
https://doi.org/10.1021/acs.jcim.5b00092
http://www.ncbi.nlm.nih.gov/pubmed/26270943
https://doi.org/10.1007/s00894-014-2364-8
http://www.ncbi.nlm.nih.gov/pubmed/25038633
https://doi.org/10.1021/ci200227u
http://www.ncbi.nlm.nih.gov/pubmed/21919503
https://doi.org/10.1039/c4mb00077c
http://www.ncbi.nlm.nih.gov/pubmed/24909777
https://doi.org/10.2174/1568026616666161117112604
http://www.ncbi.nlm.nih.gov/pubmed/27852201
https://doi.org/10.1039/c5ra16836h
https://doi.org/10.1529/biophysj.107.120501
https://doi.org/10.1529/biophysj.107.120501
http://www.ncbi.nlm.nih.gov/pubmed/18375510
https://doi.org/10.1371/journal.pone.0255803

