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Sex-determining region of Y-box2 (SOX2) is a master regulator of embryonic and induced pluripotent stem cells. SOX2 
is also implicated in epithelial mesenchymal transition (EMT) and chemoresistance of cancer cells. Moreover, SOX2 has 
been described as a biomarker for cancer stem cells in cervical cancer, sarcoma, ovarian cancer, colorectal cancer, head and 
neck cancer and glioblastoma. The high expression of SOX2 is also negatively correlated with the overall survival of cancer 
patients which makes it an attractive target for cancer therapy. The current study was intended to identify SOX2 inhibitors 
with a high binding affinity. Structure based virtual screening was carried out on approved medications against SOX2 with 
the help of AutoDock VINA, which is included in the PyRx 0.8 package. The compound with the highest affinity was then 
examined, and structurally comparable compounds were docked to SOX2 protein once again in order to discover a new and 
more effective inhibitor molecule against SOX2. The docking analysis revealed apatinib as the most efficient anti-SOX2 
drug among the known drug molecules. A structural derivative of apatinib, N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) 
amino] nicotinamide, was identified as an even more effective inhibitor of SOX2 than apatinib. 
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Cancer patients have a poor prognosis despite 
significant advances in the treatment strategies, 
particularly in underdeveloped nations. This is mainly 
because cancer is mostly detected at advanced stages 
when it is difficult to treat. Hence, there has been a 
consistent effort towards discovering novel drug 
molecules for controlling and treating cancer. Stem 
cells have the characteristic feature of self-renewal 
and ability to differentiate into cells of specialized 
type1. These properties connect the embryonic and 
adult stem cells to cancerous state if they result in 
unspecified self-renewal activity1. According to 
cancer stem cell (CSC) hypothesis, they are the root 
cause for the origin of cancer2. The CSCs have been 
implicated in metastasis, angiogenesis and 
chemoresistance. So identifying the drugs which 
target CSCs may be helpful in the treatment of cancer 
patients3. Many signaling pathways including the 
hedgehog signaling, JAK-STAT signaling, Wnt 
signaling and notch signaling have been observed to 
regulate the cancer stem cells4. Interestingly, many of 
these aforementioned pathways involve the function 

of SOX family of transcription factors5. Of these, 
SOX2 is a regulator of cancer stem cells and their 
characteristic properties6. The expression of SOX2 is 
associated with the tumor formation, metastasis7,  
and epithelial mesenchymal transition8. Aberrant 
expression of SOX2 has been reported in many 
human cancers such as the colon cancer8, cervical 
cancer9, head and neck squamous cell cancer10, breast 
cancer11, ovarian cancer12, and lung cancer13. High 
levels of SOX2 are found in multiple types of cancer 
which makes SOX2 a potential anti-cancer target14. 
The traditional process of discovering novel 
anticancer medications is extremely expensive, 
laborious and time-consuming. Computer-aided drug 
design (CADD) methodologies have been identified 
as a tool to somewhat overcome the problems 
associated with traditional drug discovery. It leverages 
in silico tools to design and optimize potential drug 
candidates, significantly reducing the time and cost 
associated with traditional methods of drug discovery. 
Among the various CADD techniques, structure-based 
virtual screening employing molecular docking is 
shown to be helpful in the identification of new lead 
compounds for disease therapy and is a particularly 
efficient tool for drug development15. PyRx is a 
virtual screening application that is free and open 
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source software created in the Python language. It is a 
combination of different programmes including 
AutoDock 4.2, Auto Dock Vina, Open Babel, 
Mayavi, and others. The docking software of PyRx is 
built on Vina and AutoDock 4.216. ZINC15 docking 
web server database provides easy access to 
chemicals for virtual screening, ligand discovery, 
pharmacophore screening, force field creation, and 
other cheminformatics applications. ZINC15 
combines the biological activity of gene products, 
pharmaceuticals, and natural chemicals with 
commercial availability, making it an extremely 
effective research tool for ligand discovery17. DS 
visualiser is software used to visualize the interactions 
and depict those interactions in the 2D and 3D format. 
It helps in preparation of the protein and ligands 
suitable for the docking and other computer aided 
drug designing applications. SOX2, a transcription 
factor, is considered an undruggable target18. It is 
associated with the nucleosome so it is important to 
know whether the anti-SOX2 drugs function through 
protein distortion or by change in the protein-nucleic 
acid interaction19. The ligand-protein complexes are 
often dynamic, involving conformational changes. The 
normal mode analysis (NMA) method is widely used 
simulation technique to describe the collective 
functional movements of such macromolecular 
complexes20. It helps study the dynamics and flexibility 
of proteins. The NMA approach in internal coordinates 
can be implemented by the iMod server (iMODS). The 
obtained conformations that are created can be 
downloaded and utilized as inputs in more advanced 
sampling or modeling procedures based on the 
deformability and eigen values21. 

This study aimed to identify the most effective 
SOX2 inhibitors based upon their binding affinities 
using docking and virtual screening. In addition, the 
simulations of SOX2-ligand interactions are carried 
out for the most effective anti-SOX2 inhibitors to 
elucidate the effect of ligand binding on SOX2 
protein. 

 
Materials and Methods 
 

Computer and software 
The system with windows 11 operating system and 

i3 processor was used to access the structures. The DS 
visualiser-modeling software, PyRx and ZINC15, 
were used with student access. The structure based 
drug designing was used for the analysis of ligand-
drug interactions. The steps used for this approach are 
described in the following sections. 

Accession of structure of SOX2 protein 
The structure of SOX2 protein was accessed 

through the protein data bank (PDB101.rcsb.org). The 
least resolution structure was chosen for docking (0.5-
2.2) as lesser the resolution of protein, better is the 
docking process. Keeping this in mind, PDB ID 6T7B 
was chosen. The structural properties were verified 
with the reported literature present in the database 
before the structure was retrieved. As there are no 
crystallographic and other high end structures 
available, we considered experimental structures 
generated through electron microscopy. In accordance 
with the requirement of PyRx software, we used the 
.pdb format of the protein for docking. The 
orientation of SOX2 protein for docking was 
considered based on its Ramachandran plot viewed in 
DS visualiser so that the required catalytic sites could 
be highlighted. 

 
Selection of the ligand molecule for SOX2 

Metastasis is one of the key cancer hallmarks 
regulated by SOX2, therefore in addition to the anti-
SOX2 drugs reported in the literature, anti-metastatic 
drugs were also considered as ligand molecules in  
this study. The ligands considered for this  
study included Paclitaxel (taxol), Actinomycin D, 
Metformin, Ciclesonide, Zoledronic acid, Apatinib, 
Tamoxifen, Tretinoin and Selumetinib. 

The selected ligands were analyzed for the drug 
likeness by applying Lipinski's rules22. The 
absorption, distribution, metabolism, excretion and 
toxicity (ADME) information was extracted from the 
Swiss ADME software (http://www.swissadme.ch/) 
which uses in silico methods to predict ADME data 
and create drug-like libraries. It evaluates the drug 
like properties, blood-brain barrier permeability, skin 
permeability and intestinal absorption, along with 
Lipinski's rules. The ADME information helps in 
understanding the efficacy and safety profile of the 
drugs. To perform these actions, canonical SMILES 
notions of the respective drug molecules were used 
and drugs were analyzed for Lipinski's rule of five 
which are listed below: 

 
i) The molecular weight of the molecule need not be 

more than 500 Daltons. 
ii) The log P value which is the octanol-water 

partition coefficient value needs to be less than 
five. 

iii) The hydrogen bond donors in the drug must be  
5 or less than 5. 
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iv) The hydrogen bond acceptors in the drug must be 
5 or less than 5. 

v) More than one of these rules must not be violated. 
SMILES (Simplified Molecular Input Line Entry 

System) is a way of providing a unique, consistent 
representation of a molecule, thus eliminating the 
variations that can occur by drawing the same 
molecule in different ways. This consistency is 
essential for database searches and computational 
analysis. 

 

Preparation of SOX2 protein for virtual screening 
The first task for SOX2 protein preparation was to 

retrieve its 3D microscopic structure (as X-ray 
crystallographic structure is not available) with pdb id 
6T7B from the Protein Data Bank. Biovia DS 
visualiser software was used for protein analysis. To 
find the binding site in the protein, the PDB structure 
of the protein was loaded in the DS visualiser. Protein 
molecules were prepared by removing the hetatoms 
(DNA molecules associated with the protein 
structure) because the presence of DNA molecules 
may cause hindrance in proper ligand binding site. 
Next, polar hydrogen groups were removed from the 
protein structure which helps in maintaining the 
neutrality and stability of the overall structure. The 
crystal protein structure, thus obtained, was saved in 
the pdbqt format in the same folder where the pdbqt 
file of ligand was saved. 

 

Preparation of ligand (drug) molecules using ZINC15 
database 

ZINC15 is a public database that was created to 
provide easy access to chemicals for virtual screening. 
ZINC15 offers over 210 million lead-like 3D 
compounds for purchase; all molecules are provided 
in a physiologically appropriate, ready-to-doc 3D 
format (https://zinc15.docking.org/). The 2D 
structures of the selected ligands were extracted in the 
.sdf format for docking analysis23. 

 

Screening of the ligand (drug) molecules 
The selected drug molecules were screened using 

PyRx software (https://pyrx.sourceforge.io/). The 
(.sdf) format of drugs was loaded into the PyRx using 
the open babel application and the drugs were 
converted into the pdbqt format and the energy if high 
was reduced and the reduced energies are indicated 
along as .uff format for better binding. 

 

Molecular Docking of SOX2 with the ligands 
Docking is a computerized method for predicting 

the non-covalent interactions of a ligand with a target 

protein. Docking investigations were carried out in 
the current study using PyRx. The prepared protein 
and ligand were loaded and the grid was defined blind 
as no particular active site was known. 

 
Receptor grid generation for SOX2 and ligand interaction 

Specific site for binding of the ligand molecules in 
the protein was defined. Blind docking was used as 
we did not know the binding site in the protein. To 
permit looking at the huge conformational space 
accessible to a ligand around a protein, PyRx utilizes 
a blind dock based strategy to permit quick 
assessment of the limiting energy of preliminary 
conformities followed by further steps for molecular 
docking. The binding affinity value was utilized to 
determine how strongly the drug chemical interacts 
with the target protein. This PyRx molecular docking 
uses systematic simulation computations and Python 
based codes for evaluation of the confirmation and the 
flexible nature of ligands. The binding affinities were 
represented in kcal/mol and it defines the protein-
ligand interaction based energies. Also they mention 
the RMSD (Root Means Square Deviation) values. 
The considered ligands were docked with the electron 
microscopic structure of SOX2 (PDBID: 6T7B) 
individually and the compounds were chosen for 
further analysis based on their binding affinities. 

 
Visualization of the final docked structures 

The final output files of the protein and ligands 
were visualized using the Biovia DS visualiser in the 
2D or 3D formats for depicting the interactions 
between the amino acids of the protein and the ligand 
molecules. 

 
Molecular simulation of SOX2 with ligands 

The stability and motion of the protein-ligand 
complex were evaluated using molecular simulation. 
For this, the ligand which showed the lowest docking 
energy was considered and its analogues were used 
for molecular simulation studies. The molecular 
simulation was carried out using NMA of the iMOD 
server (http://imods.chaco nlab.org).  

 
Results and Discussion 
 

Accession of structure of SOX2 protein 
The electron microscopic structure of the human 

SOX2 transcription factor in a complex with a 
nucleosome was retrieved from protein data bank 
(Fig. 1). The structure consists of SOX2 bound to a 
nucleosome of histones and DNA. This structure was 
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determined using cryo-electron microscopy and 
highlights how the binding of SOX2 to DNA within 
the nucleosome enhances the accessibility of DNA for 
transcription. This interaction is key for the 
downstream functions of SOX2. 

 
Selection of the ligand molecule for SOX2 

The ligands used in this study included Paclitaxel 
(taxol), Actinomycin D, Metformin, Ciclesonide, and 
Zoledronic acid, Apatinib, Tamoxifen, Tretinoin and 
Selumetinib. The selection of ligands is done using 
Lipinski’s rule of five and Metformin, Apatinib, 
Zoledronic acid, ATRA drug-Selumetinib, ATRA 
drug-Tretinoin and Tamoxifen were selected for 
further analysis (Table 1).  

The functional profile of these selected drugs was 
extracted from the Pubchem and Drug bank and has 
been briefly summarized in (Table 2). 

The selected ligands were analyzed for the drug 
likeness properties using Swiss ADME online web 
server and the drugs, Metformin, Apatinib, ATRA 
drug-Selumetinib and Tretinoin showed good 
gastrointestinal absorptivity. SOX2 is not a brain or 
CNS associated target, therefore, the drugs crossing 
blood brain barrier had to be excluded. All the drugs 
except tretinoin do not have permeability to the blood 
brain barrier. P-glycoproteins (p-gp) are the drug 
transporters which efflux the drugs. Except apatinib 
and metformin, remaining drugs act as the p-gp 
inhibitors and therefore, can be distributed efficiently. 
The cytochrome P450 enzyme inhibiting drugs 
generally show good drug interactions. Drugs apatinib 
and selumetinib show exclusive inhibition towards 
CYP proteins and increase drug metabolism. LogKp 
value which denotes the skin permeability is good for 
all the drugs as more negative the logKp, less skin 
permeable will be the drug. The outcome of this 
analysis is summarized in (Table 3). Based on 
pharmokinetics, out of all the drug molecules, 
selumetinib and apatinib showed better ADME 
properties. 

 

Preparation of SOX2 protein for virtual screening 
The structure of SOX2 downloaded from the PDB 

databank is in association with a nucleosome  
(Fig. 2A). This structure contains SOX2 along with 
the hetatoms such as the associated nucleosome 
complex and other ligands. This structural 
information is useful in understanding the interaction 
pattern of the SOX2 with the ligands present in its 
environment. In order to avoid the issue of protein-
ligand interactions, the hetatoms were removed from 
the protein structure and downloaded using the  
Biovia DS visualizer (Fig. 2B). The structure without the  

 
 

Fig. 1 — The structure of human SOX2 transcription factor in
complex with a nucleosome taken from the RSCB PDB (PDB ID:
6T7B). This structure reveals how SOX2 binds to DNA within the
nucleosome, causing local distortions at superhelical location 2, a
region where the DNA is more accessible. The binding facilitates
the detachment of terminal nucleosomal DNA from the histone
octamer, aiding in chromatin opening, increasing DNA
accessibility and making it more accessible for transcription. This
interaction is crucial for the role of SOX2 as a transcription factor
in the regulation of stemness properties of the cell. 

Table 1 — Analysis of Lipinski’s rule of five on the drugs using data from Swiss ADME website.  
The molecules which violated more than 1 rule of Lipinski’s rule of 5 were excluded from further analysis 

S. No Lipinski’s  
rule of five 

Paclitaxel 
(taxol) 

Actinomycin  
D 

Metformin Ciclesonide Zoledronic 
acid 

Apatinib Tamoxifen Tretinoin Selumetinib 

1 Molecular weight 
(<500g/mol) 

853.91 924.1 129.16 540.69 272.09 397.5 371.5 300.4 457.7 

2 Hydrogen bond 
donor(<5) 

4 12 3 1 5 2 0 1 3 

3 Hydrogen bond 
acceptor(<5) 

14 18 1 7 8 5 2 2 6 

4 Log P(<5) 3.52 0 -1.3 4.78 -4.3 4.1 7.1 6.3 3.6 
5 Lipinski’s rule  

of five  
No No Yes No Yes Yes Yes Yes Yes 
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Fig. 2 — The structure of SOX2 protein with the hetatoms (A) 
and without the hetatoms such as the nucleic acid residues (B) as 
visualized in the BIOVIA Discovery Studio. The structure with 
the hetatoms (non-standard atoms) includes water molecules, ions, 
or other small molecules that are part of the SOX2 protein 
structure. These hetatoms help us visualize the interactions of the 
SOX2 in its environment. The structure without the hetatoms 
focusses solely on the core structure of the SOX2 protein and 
highlights its intrinsic properties. 

hetatoms focusses solely on the core structure of the 
SOX2 protein and highlights its intrinsic properties. 
 
Preparation of ligand (drug) molecules using ZINC15 
database 

The structure of the selected ligands based on their 
ADME properties was extracted from ZINC15 
docking online database and is depicted in (Table 4). 
The ZINC15 database is a comprehensive resource for 
accessing a vast library of chemical compounds and 
identifying ligands with favourable ADME properties 
is crucial in screening for the safest and most effective 
drug candidates for further research. 

 
Molecular Docking of SOX2 with the ligands 

These 6 ligands were subsequently subjected to 
virtual screening using the PyRx software. PyRx  
helps in predicting their binding affinities and 
potential interactions. From the docking analysis, the 
lowest value of binding affinities, upper RMSD and 
lower RMSD values of the drugs were considered 
(Table 5). 
 

Table 2 — A brief overview of the drugs selected for molecular docking with SOX2 

Drug Association with 
SOX2/metastasis 

Targeted pathway Limitations/Drawback Reported use in the 
type of cancer 

Reference 

Metformin Metastasis 
controlling drug  

P13K/Akt/mTOR pathways 
main protein 

Multi-target inhibitor rather 
than a specific target 

Cervical cancer 24 

Apatinib SOX2 inhibition 
activity 

STAT3 signaling pathway Apoptosis of the cells 
occurs due to this drug 
activity which may also 
affect the other normal cells 

Osteosarcoma, Gastric 
cancer, Lung cancer, 
Hepatocellular cancer 

25, 26 

Zoledronic acid Anti-Metastasis 
activity 

Erk1/2 and Akt pathway Interferes in cell cycle 
division as it acts by 
arresting cell cycle  

Cervical cancer 27 

ATRA drug-
Selumetinib 

Knockdown SOX2 
activity 

SLUG and SERPINE 1 
pathway 

Still in the clinical trials Breast cancer 28 

ATRA drug-Tretinoin Knockdown SOX2 
activity 

SLUG and SERPINE 1 
pathway 

Still in the clinical trials Breast cancer 28 

Tamoxifen SOX2 pathway Wnt 2 signaling pathway, Slow 
cell cycle down streaming 
intracellular process.  

Chances of recurrence Breast cancer 29 

 

Table 3 — The ADME properties of the drugs i.e. gastrointestinal (GI) absorption, blood brain barrier (BBB) absorption, P-gp substrate 
and CYP activity and LogKp using Swiss ADME database 

Drug name GI  
Absorption 

BBB per  
meant 

P-gp substrate CYP1A2 
inhibitor 

CYP2C19 
inhibitor 

CYP2C9 
inhibitor 

CYP2D6 
inhibitor 

CYP3A4 
inhibitor 

Log  
Kp 

Metformin High No No No No No No No -7.84 

Zoledronic acid Low No No No No No No No -11.02 

Apatinib High No Yes Yes Yes Yes Yes Yes -5.84 

Tamoxifen Low No Yes No Yes No Yes No -3.50 

Tretinoin High Yes No Yes Yes Yes No No -3.66 

Selumetinib High No No Yes Yes Yes Yes Yes -6.54 
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Table 8 — Analysis of Lipinski’s rule of five on the drugs 
analogous to apatinib obtained from the Swiss ADME website 

S. No Lipinski’s rule 
of five 

Motesanib N-(4-phenoxyphenyl)-2-
[(pyridine-4-ylmethyl) amino] 

nicotinamide 

1 Molecular 
weight(<500 

g/mol) 

373.46 396.44 

2 Hydrogen bond 
donor(<5) 

3 2 

3 Hydrogen bond 
acceptor(<5) 

5 4 

4 Log P(<5) 4.044 3.09 

5 Lipinski’s rule 
of five 

Yes Yes 

 

Table 9 — The binding affinities of the drugs analogous  
to apatinibalong with RMSD values for SOX2 protein and  
the individual ligands after docking as revealed by PyRx  

docking software 

Drug name DRUG 
BANK ID 

Binding 
affinities 

(kcal/mol) 

Binding 
energy 

RMSD 
Upper 
bound 

RMSD 
Lower 
bound 

Motesanib DB05575 -8.4 -8.6 4.418 1.994 

N-(4-
Phenoxyphenyl)-
2-[(Pyridin-4-
ylmethyl) amino] 
nicotinamide 

DB07183 -7.8 -8.0 4.319 2.545 

 

The docking of SOX2 protein (6T7B) was  
carried out with drug molecules analogous to  
apatinib (Table 9) which is considered as a reference 
standard for these drugs. The docking analysis 
showed that the binding affinities of motesanib and 
N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide were -8.4 kcal/mol and -7.8 kcal/mol, 
respectively which is lesser than the binding affinity 
of apatinib i.e. -7.3 kcal/mol. Their interactions with 
the target protein, SOX2, showed that they are 
forming the carbon hydrogen bonds between the 
certain amino acids of protein and O residues of the 
drug molecules. These carbon-hydrogen bonds are the 
covalent bonds that makes the interaction stable as the 
carbon shares its outer valence electrons to attain 

stability. Interactions were visualized using the DS 
visualiser as shown in (Fig. 4A & B). 
 
Normal Mode Analysis (NMA) of SOX2 with ligands 

The NMA analysis was carried out for the docked 
complexes of SOX2 with ligands-Motesanib and N-
(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide (Fig. 5A). Both the ligands showed 
similar values after binding with SOX2. The peaks in 
the deformability graph (Fig. 5B) indicate the protein 
regions which are showing flexibility and assists in 
deformation. B-factor/mobility graph tells the rate at 
which the main chain is getting deformed (Fig. 5C). 
The grey colored portion of the graph is the 
experimental value taken from the respective PDB 
field which is the average of RMS values. The red 
colored portion of the graph is the NMA calculated 
value obtained by multiplying NMA mobility and 
the 8pi2. The difference in the B-factor for the PDB 
and NMA values (Fig. 5C) is because of the change 
in protein structure to attain a particular 
conformation for ligand binding during docking. The 
eigen value depicts the stiffness of the protein in 
various modes (Fig. 5D). If the eigen value is less, it 
indicates easy deformation. The eigen value for 
SOX2 and ligand complex is 9.52e-07 which 
indicates the stability of protein-ligand interaction. 
The variance plot in Figure 5E shows the variances 
with each normal mode. The variance is inversely 
proportional to the respective eigen value. The 
cumulative variances are shown in green and 
individual variances are shown in blue. The 
covariance map depicts the correlation among the 
different residues of SOX2 which indicates if the 
protein residues exhibit correlated (red), 
uncorrelated (white) or anti-correlated motion (blue). 
Most of the paired residues of SOX2 move in a 
correlated motion, thereby implying a stable ligand-
SOX2 complex (Fig. 5F). The elastic network model 
for ligand-SOX2 interactions shows limited 
flexibility in SOX2 protein (Fig. 5G). Each grey dot 
in the graph represents the stiffer springs between 
the pair of atoms of SOX2. 
 

Table 7 — The ADME properties of the drugs analogous to apatinib i.e. gastrointestinal (GI) absorption, blood brain barrier (BBB) 
absorption, P-gp substrate and CYP activity using Swiss ADME database 

Drug name GI Absorption BBB permeant P-gp substrate CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 Log Kp 

Motesanib High Yes Yes Yes Yes Yes Yes Yes -5.83 

N-(4-phenoxyphenyl)-2-
[(pyridine-4-ylmethyl) amino] 
nicotinamide 

High No No Yes Yes Yes Yes Yes -5.52 
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Fig. 4 — The interactions of ligands with SOX2 protein as visualized in DS visualizer. (A) Motesanib makes the carbon-hydrogen bond 
with glutamine at 92 position, valine at 95 position, leucine at 103 position and isoleucine at 91 position of D chain of SOX2 protein. But 
when viewed for the ligand receptor attachment, it is found not being attached to any of the chains of the protein other than forming 
bonds; and (B) N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] nicotinamide makes the carbon-hydrogen bonds with isoleucine at 
70 position of D chain of SOX2 protein 
 

 
 

Fig. 5 — NMA analysis of SOX2 with ligands in iMODS. (A) The docked complex of SOX2 with i) Motesanib ii) N-(4-Phenoxyphenyl)-
2-[(Pyridin-4-ylmethyl) amino] nicotinamide; (B) Deformability graph- It shows how different atoms within a protein-ligand complex 
respond to mechanical stress. Atom index represents the atoms in a sequential manner in a protein ligand complex and deformability 
indicates how much the said atom moves or deforms upon experiencing stress. The atoms with high deformability are deemed to be more 
flexible; (C) B-factor/motion plot- It is a measure of mobility of atoms within a protein-ligand complex. This means that atoms with 
lower B-factors at the binding site would imply stronger and more stable interactions with the ligand; (D) Eigen value plot- The eigen 
value plot highlights the importance of each mode of motion in the protein-ligand complex. The mode with low eigen values shows the 
rigid or small movements in the complex and high eigen values shows the bigger movements which may be responsible for its biological 
function. Mode index on the x-axis shows the order of modes (pattern of motion like collective motion or localized motion of atoms), 
starting from lowest (low energy) to the highest (high energy) mode; (E) Variance graph- The variance graph shows how much variance 
each mode contributes to the overall motion of the complex; and (F) Covariance map- This map shows the extent of coordinated 
movements of atoms in the complex. The atoms showing positive covariance indicate movement in the same direction and the ones 
showing negative covariance indicate movement in the opposite direction. The zero covariance highlights no correlation in the movement 
of these atoms. In the graph, red indicates positive covariance, blue indicates negative covariance and white indicates no covariance; and 
(G) Elastic network model- This model depicts the simplified view of the complex dynamics of protein-ligand interaction. The protein 
ligand complex is represented by the atoms connected by springs. Each dot shows one spring between the respective atoms and the colour 
intensity of the dots highlight stiffness of the spring. 
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Conclusion 
Out of nine compounds retrieved from the drug 

bank based on their reported anti-SOX2 or anti-
metastatic activity using literature search, only six 
drugs satisfied Lipinski’s rule of five which were 
selected for further analysis. Upon docking, the  
first three modes of all the ligand structures were  
used in order to compare their binding affinities.  
The overall most effective binding of SOX2 protein 
was shown by apatinib (-7.3 kcal/mol), selumetinib  
(-6.7 kcal/mol) and tamoxifen (-5.9 kcal/mol).  
From this analysis, it was concluded that apatinib 
seems to be the most effective inhibitor of  
SOX2 among the considered drugs. Apatinib was  
thus considered as a standard drug molecule for  
anti-SOX2 activity and drug molecules with structure 
similar to apatinib were searched in drug data bank  
to identify novel SOX2-inhibitors. This search 
identified two such drug molecules, Motesanib and N-
(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide. Both these drugs displayed better 
binding affinities with SOX2 than apatinib and 
between the two, N-(4-Phenoxyphenyl)-2-[(Pyridin-4-
ylmethyl) amino] nicotinamide showed better docking 
with SOX2 than motesanib. And after docking,  
when visualized for the interactions, the ligand, 
motesanib, was not bound to any of the chains  
which limits its protein-ligand binding properties, 
even though it shows good docking affinity.  
In comparison to apatinib for the ADME properties, 
N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide acts as the inhibitor of p-gp and also, the 
logKp is less for this drug molecule. This implies that 
N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide could be better at inhibiting SOX2 
protein than apatinib. Interestingly, the visuals of 
SOX2-ligand interactions shows that most of the anti-
SOX2 ligands were bound to amino acids of the D 
chain, which indicates the significance of D chain as a 
crucial docking site for SOX2 inhibition. The NMA 
analysis further showed that the binding of anti-SOX2 
ligands alters the conformation of SOX2 which 
would, perhaps, prevent the interaction of SOX2 with 
other proteins or nucleic acids. In conclusion, this 
study has shown that among the existing anti-cancer 
drugs, apatinib seems to be the most potent  
anti-SOX2 inhibitor. Further screening for molecules 
with analogous structure to apatinib shows that  
N-(4-Phenoxyphenyl)-2-[(Pyridin-4-ylmethyl) amino] 
nicotinamide could be an even better inhibitor of 

SOX2 protein. However, experimental validation of 
its anti-SOX2 effect is warranted in future studies.  
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