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Introduction
The Keap1-Nrf2 system is composed of the Kelch-
like erythroid cell-derived protein with Cap and collar 
homology [ECH]-associated protein 1 (Keap1) and 
Nuclear factor erythroid 2 related factor 2 (Nrf2). 
This system is directly involved in the production of 
antioxidants1 and gets activated by the increase in the 
oxidative stress inside the cell. Oxidative stress is a 

condition in which there is an increase in the amount 
of pro-oxidants. These pro-oxidants usually are charged 
species (positively charged species or negatively charged 
species) or free radicals which are generated during 
biochemical reactions.2,3 So, antioxidants are needed 
to neutralize these pro-oxidants to prevent oxidative 
damages to cell organelles. The cellular antioxidants 
produced such as glutathione (GSH), NAD(P)H quinone 
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Abstract
Introduction: The main objective of this research 
is to identify potential leads for developing potent 
Keap1 inhibitors.
Methods: In the current research article, in-silico 
methods have been employed to discover potential 
Keap1 inhibitors. 3D-QSAR was generated using 
the ChemBL database of Keap1 inhibitors with 
IC50. The best pharmacophore was selected for 
the screening of three different libraries namely 
Asinex, MiniMaybridge, and Zinc. The molecules 
screened from the databases were filtered through 
druggability rules and molecular docking studies. 
The best binding molecules obtained after 
docking studies were subjected to physicochemical 
properties toxicity determination by in-silico methods. The best hits were studied for stability in 
the cavity of Keap1 by molecular dynamic simulations.
Results: The virtual screening of different databases was carried out separately and three leads, 
were obtained. These lead molecules ASINEX 508, MiniMaybridgeHTS_01719, and ZINC 
0000952883 showed the best binding in the Keap1 cavity. The molecular dynamic simulations 
of the binding complexes of the leads support the docking analysis. The leads (ASINEX 508, 
MiniMaybridgeHTS_01719, and ZINC 0000952883) were stabilized in the Keap1 binding 
cavity throughout 100 ns simulation, with average RMSD values of 0.100, 0.114, and 0.106 nm, 
respectively. 
Conclusion: This research proposes three lead molecules as potential Keap1 inhibitors based on 
high throughput screening, docking, and MD simulation studies. These hit molecules can be used 
for further design and development of Keap1 inhibitors. This research provides the preliminary 
data for discovering novel Keap1 inhibitors. It opens new avenues for medicinal chemists to 
explore antioxidant-stimulating molecules targeting the Keap1-Nrf2 pathway.
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oxidoreductase 1 (NQO1), glutathione peroxidase (GPx), 
heme oxygenase (OH), superoxide dismutase (SOD), and 
peroxidases defend the oxidative stress. The production 
of these antioxidant molecules is regulated through Nrf2 
as shown in Fig. 1.4,5 In non-oxidative conditions Nrf2 is 
held in a complex by Keap1 which allows degradation of 
Nrf2 by ubiquitination.6 The inhibition of Keap1 causes 
detachment of Nrf2 from the complex. The free Nrf2 plies 
to the nucleus7 and activates the antioxidant response 
element (ARE) present in antioxidant genes leading to the 
production of the antioxidant bio-molecules.8

Keap1 undergoes a conformational change when some 
oxidants bind to one or more cysteine residues present 
on the extruded sides of the protein.9 The cysteine 
residues especially CYS151 are susceptible towards the 
pro-oxidants. These cysteine subunits present on Keap1-
Nrf2 are referred to as cysteine sensors.10-12 The release of 
Nrf2 from Keap1 follows a hinge-latch mechanism and is 
controlled by multiple factors.13

The increased oxidative stress is responsible for cellular 
damage. The pro-oxidants interact with the cellular 
organelles and impart detrimental effects. This leads to 
the initiation and propagation of various diseases like 
cancer,14 diabetes,15 inflammatory conditions,16-18 and 
neurodegeneration.19,20 The reason behind low levels of 
antioxidants in the body has provided several research 
questions. Scientists are exploring the field of antioxidant 
response and its relation to diseases. To counterpoise 
oxidative stress Keap1 inhibition or Nrf2 activation is 
targeted. The possibility of decreased antioxidant levels 
cannot be ruled out in the pathogenesis of several diseases. 
Hence Keap1 inhibitors are the desirable therapeutic 
agents for diseases related to oxidative stress.

The recently reported in-vitro, in-vivo, and clinical 
trial studies on Keap1 inhibitors are mentioned below 
separately. The molecules reported in in-vitro and in-vivo 
studies are depicted in Fig. 2.

Recently reported in-vitro studies on Keap1 inhibitors
The 1,4-bis(arylsulfonamido)naphthalene-N, N'-diacetic 
acid derivatives were reported as to disrupt the Keap1-
Nrf2 interaction. A fluorescence polarization assay was 
carried out to find out whether they could directly inhibit 
Keap1-Nrf2 interaction. The derivatives showed IC50 in 
the range of 7.2 and 31.3 nM.21 The compound 20c which 
is a derivative of 2-oxy-2-phenylacetic acid substituted 
naphthalene sulfonamide was reported to have IC50 of 
75 nM in disrupting the Keap1-Nrf2 interaction. Its 
dissociation constant (Kd ) from Keap1 was found to be 
24 nM. The supporting studies on mouse cell models and 
in-vivo models show that 20c leads to Nrf2 target gene 
expression.22 Sinomenine increases the expression of heme 
oxygenase through Keap1-Nrf2 system. The reported 
concentration for Keap1-Nrf2 inhibition was 100 μM. 
This effect is reduced in in-vivo studies on Nrf2 knock-
out mice.23 Polypodiside in 10 μМ concentration increases 
the concentration of Nrf2 thereby increasing the gene 
expression involved in the production of antioxidants.24 

Recently reported in-vivo studies on Keap1
A study on rat models showed that Nonylphenol activated 
the Keap1-Nrf2 system in low doses thereby increasing the 
production of antioxidants. But, the effect of a high dose of 
Nonylphenol was just the opposite. Nonylphenol inhibited 
the Keap1-Nrf2 system in high doses and in prolonged 
exposure time.25 Resveratrol study on C57BL/6 wild-type 
mice with thoracic blast exposure-induced brain injury 
showed that it showed that resveratrol has a protective 
action against reactive oxygen species. The level of Keap 
increased and the level of Nrf2 decreased indicating that 
resveratrol shows its activity through the Keap1-Nrf2 
system along with other inflammatory pathways.26 HJ105 
was studied for its neuroprotective effect on a rat model 
of Alzheimer’s disease. It increased the levels of Nrf2 
and biological antioxidants like superoxide dismutase, 
catalase, and glutathione peroxidase.27 Gentamycin is 
an antibiotic that induces nephrotoxicity, antioxidant 
imbalance, and decrease in Nrf2 level. Diosmin increased 
the levels of Nrf2, hemeoxygenase, and superoxide 
dismutase 3 along with other protective effects.28

Reported phase 2 clinical trial on Keap1 inhibitor
Clinical trials are being conducted (NCT04698681, 
NCT04265534, and NCT02417701) to find out the 
possibility of managing different types of cancers 
with Keap1 mutation. One of the most studied Keap1 
inhibitors is sulforaphane. Several studies show 
sulforaphane is effective in decreasing oxidative stress in 
in-vitro models.29-31 Sulforaphane was studied in the phase 
2 clinical trial for its effectiveness in chronic obstructive 
pulmonary disease (NCT01335971).32 But, clinical trials 
failed to establish the effectiveness of sulforaphane.33 So, 
the discovery of novel Keap1 inhibitors is warranted.
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Fig. 1. Schematic diagram of the Keap1-Nrf2 pathway.

https://clinicaltrials.gov/show/NCT01335971
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Materials and Methods
Data and software availability
ChemDraw Ultra 8.0 was used for drawing 2D structures 
of ligands. BIOVIA Discovery Studio (DS) (BIOVIA, 
Dassault Systèmes, Discovery Studio Visualizer, 20.1.0, 
San Diego, California, USA) was used for in-silico studies. 
Keap1 protein structure (PDB: 4N1B)34 was downloaded 
from the web page: https://www.rcsb.org/structure/4n1b of 
the Research Collaboratory for Structural Bioinformatics 
(RCSB) website. The protein was prepared for docking 
by the Protein Preparation module. Both protein and 
ligands were exposed to CHARMM (Chemistry at 
HARvard Molecular Mechanics) force field. The ligand 
preparation module and protein preparation module of 
Biovia DS 3.5 were used. 3DQSAR module of DS was 
used for pharmacophore. CDOCKER module of Biovia 
DS 3.5 was used for docking the ligands in the PDB site of 
4N1B. Results were analyzed in DS visualize v.2021. The 

virtual toxicity prediction module used in this study was 
TOxicity Prediction by Komputer Assisted Technology 
(TOPKAT). In-silico calculations of Ames mutagenicity, 
lethal dose, skin irritation, skin sensitization, and ADMET 
(absorption, distribution, metabolism, excretion, and 
toxicity) were computed. CheMBL database was searched 
for Keap1 inhibitors. The assay results of Keap1 were 
used to obtain the molecules with IC50 values. Online 
Swiss ADME was used for computing physicochemical 
parameters and CYP enzyme inhibition. Molecular 
dynamics investigations were carried out using the 
GROMACS 2020.4 programme on a remote computer 
at the Bioinformatics Resources and Applications 
Facility (BRAF), C-DAC, Pune. The initial approach was 
developed by utilizing the CHARMM-36 force field to 
produce the protein topology, and the CGenFF server's 
CHARMM General Force Field to build the topologies of 
each ligand. 

Fig. 2. Molecules reported in recent in-vitro studies and preclinical studies.

https://www.rcsb.org/structure/4n1b
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Selection of protein
Keap1 structures available on the Research Collaboratory 
for Structural Bioinformatics (RCSB) Protein Data 
Bank (PDB) website were evaluated for admissibility 
for in-silico investigations. The term “Keap1 inhibitor” 
was searched on rcsb.org. Numerous structures were 
displayed in the search results. A filter of Homo sapiens 
was created to screen protein structures. By using 
subsequent filters, NMR structures, and apoproteins were 
removed. Finally, a PDB ID with X-ray crystallographic 
structure, co-crystallized with a ligand and having E. 
coli expression with a resolution of 2.55 Å was selected 
(4N1B) for this in-silico research work. Hydrogen was 
added to the protein and 4N1B was energy minimized 
using CHARMM force field. The protein was prepared 
and viewed for any missing loop. Ramchandran’s plot 
was generated and the alignment of amino acids in the 
binding cavity was assured. The prepared protein had no 
breaks in the chain of amino acids. The amino acids were 
found to be in the binding cavity as shown in the plot. Both 
protein and ligands were prepared using suitable modules 
of DS. These structures were exposed to the CHARMM 

force field used for molecular dynamics. This force 
field simulation included the calculation of geometries, 
interaction and conformation energies, local minima, 
barriers to rotation, time-dependent dynamic behavior, 
and free energy. The binding site of the protein was 
selected from its PDB site. The radius of the binding site 
was 8.7 A◦ and XYZ coordinates were: 16.133, -21.95, and 
-36.218. The prepared protein was desolvated as retention 
of water in the binding cavity was not emphasized in 
the published details of the protein. The in-built ligand 
(1S,2R)-2-{[(1S)-1-[(1-oxo-1,3-dihydro-2H-isoindol-2-
yl)methyl]-3,4-dihydroisoquinolin-2(1H)-yl]carbonyl}
cyclohexane carboxylic acid was removed from the 
binding cavity before docking.

Methodology
The discovery of potential Keap1 inhibitors was 
schematically done using in-silico methods. The schematic 
representation of the workflow is depicted in Fig. 3. A 
3D-QSAR model was generated using reported Keap1 
inhibitors. This pharmacophore was used for screening 
three molecular libraries namely the Zinc database, 
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Fig. 3. Steps involved in screening and discovery of potential Keap1 inhibitors.
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Asinex, and MiniMaybridge. The resultant molecules 
from each library were screened using Lipinski’s and 
Verber’s rules. The screened molecules were subjected 
to energy minimization and ligand preparation. The 
number of conformation generation during ligand 
preparation was restricted to 3. Ligand preparation led to 
an increase in the number of ligands because conformers 
were generated in the output file of each library. These 
molecules were screened using predicted AlogP values in 
DS. Molecules with values ≥ 3 were selected for docking. 
The best-docked molecule in each library was selected for 
the MD simulation study. The details of the methods have 
been discussed below.

Collection of molecules with IC50 for 3D QSAR 
pharmacophore
CheMBL database was searched for Keap1 inhibitors. The 
assay results of Keap1 were used to obtain the molecules 
with reported activity. A collection of 60 molecules with 
IC50 values was used to generate a pharmacophore. 60 
molecules were randomly distributed into training and 
test sets. The details of training set molecules are provided 
in Table 1.

Generation of pharmacophore 
3D QSAR was generated using Keap1 inhibitors obtained 
from the CheMBL database. The investigation considered 
three pharmacophoric features: H-bond donors, H-bond 
acceptors, and ring aromatic. Hypotheses were computer-
generated by DS with default names 1 to 10. Different 
hypotheses of pharmacophore considered different feature 
distances and considered different ratios of contribution 
by these features. The result of pharmacophore shows 
the maximum value of fitment of the molecules in the 
pharmacophore. The cost of the hypothesis should be high. 
The value away from the null hypothesis is the best cost. 
The lower value of RMSD indicates the best hypothesis. 
The correlation coefficient along with RMSD was also 
considered for evaluating the hypotheses. In the description 
box, the features contributing to pharmacophore are listed 
and their respective contribution in ratio was mentioned. 
The contribution of each feature may or may not vary. A 
regressed graph was automatically generated by DS based 
on reported IC50 provided for during the making of 3D 
QSAR models and the estimated activity is calculated based 
on pharmacophore. The regressed graph shows green dots 
as active molecules. Black dots as moderately active and 
red dots as inactive molecules. The mapping table shows 
the name of the molecule, fit value in the pharmacophore 
(better active molecules have better-fit value), activity, and 
mapping score. The mapping score shows how well each 
feature has been mapped in that particular molecule. In 
some cases, the feature has no value against it. The Asterisk 
shows that the molecule does not have the contribution of 
that particular feature as calculated by the pharmacophore 

algorithm. Validation of all the hypotheses was done by 
mapping with active and inactive molecules.35 In some 
cases moderately active molecules have also been used. 
All the hypotheses confirmed the validation criteria. A 
comparison of pharmacophores was done based on the 
RMSD and null cost. Fig. 4 shows the distance between the 
pharmacophoric features of hypothesis 1. The details of all 
the pharmacophores are provided in Supplementary file 1.

Screening of database using pharmacophore
The zinc database (comprising 12182 molecules) Asinex 
library (comprising of 6493 molecules) MiniMaybridge 
library (comprising of 2000 molecules) were screened 
using the pharmacophore (hypothesis 1). In Fig. 3 stepwise 
screening procedure of three libraries has been mentioned. 
In the last step of screening, molecular docking was done 
and the best-docked molecules from each library were 
selected as a hit. Fig. 4 shows the alignment of best hits 
with the pharmacophore. 

Docking of hit molecules with 4N1B
The molecular docking was performed for the hits from 
the zinc database (Zinc 0000952883), Asinex library (508), 
and MiniMaybridge library (HTS-01719) using Discovery 
Studio 3. The preparation of Keap1 protein (PDB ID: 
4N1B) and ligands performed using DS. Co-crystal ligand-
bound Keap1 (PDB ID: 4N1B) was obtained from a protein 
data bank (www.rcsb.org). The protein was prepared by 
adding hydrogen atoms followed by the removal of water 
molecules. During docking investigations, the negative 
CDOCKER interaction energy of the best poses from all 
derivatives was determined. The grid used for docking 
had XYZ values 16.133, -21.95, and -36.218 with an 8.7 
radius. Force-field-based scoring functions were used to 
analyze the binding energies of the compounds in terms 
of Kcal/mol. Sulforaphane was used as the standard. The 
results were analyzed using the Discovery Studio 4.0. 
Fig. 4 shows the structure of hit molecules from different 
libraries and the structure of sulforaphane.35,36

Molecular dynamics simulation and MM-PBSA 
calculations
The binding interactions and possible binding affinities 
of the top 3 hits (Hit_Asinex, Hit_MiniMaybridge, 
and Hit_Zinc) were investigated through molecular 
dynamics simulations (MDS) by using the similar 
protocol as demonstrated by Matada et al,35,36 each 
equilibrated system was screened against MDS using 
Gromacs 2020.4 programs, run on a remote computer at 
the Bioinformatics Resources and Applications Facility 
(BRAF), C-DAC, Pune.37-46 Radius of gyration (Rg), root 
mean square fluctuations (RMSF), and root mean square 
deviations (RMSD) in the ligand and backbone atoms 
have been determined from the different trajectories. 
Additionally, a hydrogen bond analysis was conducted, 
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Table 1. Experimental and estimated activity of individual training set compounds

Compound No.
IC50 value (μM)

Errors Fit value
Activity scale

Experimental Estimated Estimated Experimental

Molecule-16

N
O

NN

OO

H

H HH

H H
HH

H H
H

H

H
H

HHH

HHHH

H

H

H
H

H
H

H
H

H H

9.2 10 -1.1 8.51  + + + +   + + + + 

Molecule-5

O

N
N

O

O

N
N

N

HH

H

HH HHH

H

H

HH
H

H

H
H

H

H
H

H

H
H

H

H
H

H
H

H

H

H
H

H
H 18 10  + 1.8 8.22  + + +   + + + + 

Molecule-4

O
N

S O
O

N

OO

N
O

O

S
O

O

N
O

H
H HH

H

H

H
H

H

HH

H

H
H

H

H

H
H

H

H

H

H
H

H H

H
H

H

64 13  + 4.8 7.67  + + +   + + + 

Molecule-8

O
SO
O

N

O
O

N
O

O

S
O

O

O

H

H
HHH

H

H

H

HH
H

H

H

H

H

H
H

H

H

H

H

H H

H

H H

40 25  + 1.6 7.87  + + +   + + + 

Molecule-14

O
SO
O

N

O
O

N
O

O

S
O

O

O

H

H
HHH

H

H

H

HH
H

H

H

H

H
H

H
H H

H

H

H H

H

H H

40 31  + 1.3 7.87  + + +   + + + 

Molecule-7

O
O

N

N

O

O
S O
O

SO
O

H

H

H

H

H
H H

H

HH

H

H H
H

H

HHH

H
H

H

H

32 34 -1.1 7.97  + + +   + + + 

Molecule-22

S
O

O
N

O
O

NO

O
S

O

O

H

H
H

HH

H H

H
H

H

H

H

H

H

H

HH

H
H

H

H
HH

H H

HH

H H

H

H

H

H

H

H H
H

H 63 42  + 1.5 7.67  + + +   + + + 

Molecule-17

O
O

N

N

O O

S
O

O
S

OO

H

H

H

H
HH H

H

H
H

H

H

H
H

H

H

H
H

H

H
H

H

H

H
H

H

68 47  + 1.4 7.64  + + +   + + + 
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Compound No.
IC50 value (μM)

Errors Fit value
Activity scale

Experimental Estimated Estimated Experimental

Molecule

O

O

N N

O

O

S
OO

F
S

O
O

F

H
H

H

H H H

H
H

H

H

H

H
H

HH

H
H

H

H
H

51 54 -1.1 7.77  + + +   + + + 

Molecule-19

O

S
O

O

N
O

O

N
O

O

S
O O

O

H

H
H

H

H

H

H
H

H

H
H

H

H

H

H
H

H

H
H

HH
H

H
H

H

H

34 66 -2 7.95  + + +   + + + 

Molecule-9

O

O
N

N
S

O O

O

S O
O

O

H
H H

HH

HH

HH

HH
H

H

H

H
H

H

H

H
H

H

H

H

H H

H
H

H
120 85  + 1.4 7.40  + +   + + + 

Molecule-3

O
N

O
O

O

N

O N

O

O

O

N

O N

O

N

O

O

O
N

N
O

O

H

H

H H

H

H

HH

H H

H

H

H

H

H

H H H

H

H

H
H

H
H

H
H

H

H
H

H

H

H

H

H H

H

H

H
H

H

H

H

H

H H

H
H

H

H
HH H

750 630  + 1.2 6.59  + +   + + 

Molecule-24

O
S
O

N

N
S

O

O

F

F

H

H

H H

H

H

H

H

H

H

HH
HH

H H 790 660  + 1.2 6.58  + +   + + 

Molecule-6

O

S
O

O

N

S

O
O

N S
O

O
O

H

H

HH

HH

H

H

H

H

HH

H H
H

H H

H
H

H

H
H

HH
H

H

HH H

H

880 720  + 1.2 6.53  + +   + + 

Molecule-12 

N

O
OON

O

HH

H

H HH

H

H
H

H
H

HH

H
H

H

H

H

H

H
H

H

H

H

H
HH

H

H H

2600 750  + 3.4 6.06  +   + + 

Molecule-2

SO
O

N

N S
O

O

H
H

H

H

H
H

H

H
H

H H

H
H

H

HH
H

H

HHH

H

690 890 -1.3 6.63  + +   + + 

Table 1. Continued
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Compound No.
IC50 value (μM)

Errors Fit value
Activity scale

Experimental Estimated Estimated Experimental

Molecule-20

O
S
O

ON

NS
O

O

O

H
H

H
HH

H
H

H

HH

H

H HH
H

H
H

H
H

H H H 1000 940  + 1.1 6.46  + +   + + 

Molecule-18

O
S
O

ON

NS
O

O

O

H
H

H
HH

H
H

H

HH

H

H HH
H

H
H

H
H

H H H 1000 940  + 1.1 6.46  + +   + + 

Molecule-13

O

S
OO

N O

O

NNN

O

O S
OO

O

H
H

H
H

HH
H

H

H

H

H

H

H

H
HH

H

H

H

H
H

H

H

H 340 1100 -3.3 6.94  + + +   + 

Molecule-23

O

S
O

O

N O

O

N
O

O

S OO

O

N

H H

H H

H

H
H

H

H
H

HH

H

H

H

HH

H
H

H

H

H H

H

H 290 1300 -4.5 7.01  + + +   + 

Molecule-10

O
S

O

O
N

S

N N
N

NS
O

O

O

H

HH

HH
HH

H
H

H
H

HH

H

H H

H
H H

H

H
H

H
H

H H H 740 1300 -1.7 6.60  +   + 

Molecule-15

O

S
O

O
N

O

O

N

O O

S
O O

O

H
H H

H

H

H
H

H

H H

H
H

H

H
H

HH

H
H

H

H
H

H
H

H
H

1200 1700 -1.4 6.39  +   + 

Molecule-11

O

S
O

O

N

N
SO

O

O

H

H
H

H

H

H
H

H

H

H

H

H

H

H

H

H
H

H
H

H
H

H

1000 1800 -1.7 6.46  +   + 

Molecule-21
O

O
O

N N

O

O

H
H

H

H

H
H

H H
H

H
H

H

H
H

H
H
H

H
H

HH

H

H
H

H

H

1200 2300 -1.9 6.39  +   + 

Table 1. Continued



Singh et al

   BioImpacts. 2025;15:30335 9

and Poisson Boltzmann surface area continuum solvation 
(MM-PBSA) computations were applied to the collected 
trajectories at 100 ps intervals.47-49

Results and Discussion
Fischer's randomization test (95% confidence interval), 
test set analysis, and cost analysis were used in the 
pharmacophore investigation. As per the graph shown in 
Fig. 5, hypothesis 1 has a low cost and is considered the 
best hypothesis amongst all that were generated. The cost 
analysis values are included in Supplementary file 1.

Fischer validation of pharmacophore
The Discovery Studio 3DQSAR module generated twenty 
arbitrary hypotheses and fisher Validation findings were 
acquired in a graphical style. The confidence interval 
selected was 95%. The costs of the entire hypotheses 
were represented in the graph by different points. From 
the graphical representation, it can be concluded that 

hypothesis 1 i.e., ‘series 1’ qualifies to be the best hypothesis 
when compared with other randomly generated 19 
hypotheses. Fig. 6 represents Fischer’s randomization test 
with a 95% confidence level. It shows the graph between 
the pharmacophore hypothesis and pharmacophoric cost 
value.

The best pharmacophore was used for screening the 
libraries under study. The pharmacophore screening 
filtered out the best-mapped molecules. Based on the 
mapping score, hits were selected for further in-silico 
study. 

Test set validation
The ligands in test set were validated using the 
Pharmacophore 1 hypothesis where the biological 
activity was mapped with predicted activity. The 
regression plot of hypothesis 1 shows the log activity and 
the predicted activity values for the test set. Details are 
included in Fig. S1.

Fig. 4. The structure of sulforaphane and the best hits from three different libraries are shown. The best hits were obtained from screening through 
pharmacophore hypothesis 1. The mapping diagram is shown with the pharmacophore. The pharmacophoric features and distance between the features 
of hypothesis 1 are shown. Cyan color shows hydrophobic features and green region shows hydrogen bond acceptor.
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Predicted ADMET properties and drug-likeness 
properties 
Discovery Studio 3.5 was employed for in-silico ADMET 
parameter computation, which helped prevent the drug 
from failing in the last phases of the discovery process. 
All 60 generated compounds were analyzed, and it was 
discovered that they had optimal levels of absorption 
(ranging from 0 to 1), indicating that the compounds 
were easily absorbed. The aqueous solubility and blood-
brain barrier (BBB) levels were both within the ideal range 
of 0-2, suggesting acceptable solubility. Based on this data, 
it was recommended that the generated compounds be 
used in drug development, and they were subsequently 
analyzed for docking studies. The ADMET characteristics 
of the hit molecules are presented in Supplementary file 1.

Toxicity prediction
Toxicity prediction studies are utilized as a preclinical 
evaluation to assist minimize the duration and cost 
of clinical trials. The Ames test determines a drug's 
mutagenicity, which is its capacity to cause mutation 
in cells. The skin irritation test determines the suitable 
dose of chemicals for topical use. To evaluate toxicity, 
a calculated probability is used: if it falls between 0 and 

0.29, the chemical is regarded non-toxic; if it falls between 
0.3 and 0.69, the result is equivocal; and if it falls between 
0.7 and 1, the compound is hazardous. The mutagenicity, 
toxicity, and irritability were determined utilizing in-silico 
techniques. The results show that all of the compounds 
analysed were inconclusive. Supplementary file 1contain 
in-silico prediction results.

Drug likeness
The structures of hit molecules were studied for their 
ability to make hydrogen bonds. The details of a number 
of hydrogen bond acceptors, hydrogen bond donor, 
lipophilicity, molecular polar surface area, and molar 
refractivity are provided in Supplementary file 1. These 
values correspond to the ability of the molecules to cross 
the cell membrane and act as a drug. 

Molecular docking
The in-silico interaction of the hit molecules indicates 
that the ligand is binding with the amino acids as shown 
in Table 2. Fig. 6 shows 2D interactions between 4N1B 
and ligands. The hit molecules showed good interaction 
with amino acids in the target through hydrogen bonds. 
The amino acid backbone of the binding pocket with the 

Fig. 5. Fischer’s randomization tests 95% confidence level. A graph between the pharmacophore hypothesis and 20 scrambled runs. The series represents 
the HypoGen algorithms used to generate the top 10 pharmacophores.
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Fig. 6. 2D Representation of docking results of best hits from three databases and sulforaphane (standard) (a) standard: sulforaphane (b) Hit_Asinex (c) 
Hit_MiniMaybridge and (d) Hit_zinc database.

Table 2. Docking analysis of the hit molecules from three databases

Compounds Binding energy (kcal/mol) Interacting amino acid residues

Sulforaphane (Std) -19.058 SER602, SER363, TYR334, ARG380

Hit_Asinex -55.761 ALA556, ARG415,SER363,GLY603, VAL606

Hit_MiniMaybridge -63.279 ALA556, TYR572, ARG380, ASN414, ARG415

Hit_Zinc -37.18 ARG380, TRY334, ARG415, ALA556, TYR572, GLY603, GLY364, ILE416

 

 

 

   

(a)                                                                           (b) 

  

                       (c)                                                                                    (d) 

ligand is shown in Fig. S2 in Supplementary file 1. The 
ligands with good 4N1B binding interactions potentially 
be effective Keap1 inhibitors. Surface diagrams of the 
docked complexes are shown in Fig. S3 in Supplementary 

file. Sulforaphane is taken as the standard because this 
is the only reported Keap1 inhibitor for which several 
clinical trials were conducted. The best binding pose of 
the molecules with 4N1B was selected for MD simulation
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Molecular dynamics studies and MM-PBSA calculations 
of the best hits
Molecular simulations were analyzed for top compounds 
to study an in-depth understanding of the dynamic 
behavior of proteins and ligands-proteins complex in a 
simulated biological environment with constant volume, 
temperature, and pressure conditions. The simulation was 
conducted for 100 nanoseconds, and several trajectories 
(RMSD, Rg, RMSF, and H-bonding) were computed. 
The RMSD assesses the protein-ligand complex's stability 
during the MD run's equilibration period, demonstrating 
dynamic changes in protein and ligand at various 
temperatures and pressures across the simulation's 
duration. The lower the RMSD value, the greater the 
conformational stability of the protein and ligand. The 
average RMSD of protein backbone atoms for complexes 
(Hit_Asinex, Hit_MiniMaybridge, and Hit_Zinc) were 
found to be 0.100, 0.114, and 0.106 nm respectively as 
compared to the standard drug (0.082 nm). Initially there 
(5-15 ns) for all three complexes, thereafter they were 
stable throughout the simulation. RMSD variations in 
ligand atoms were almost similar in protein backbone 
atoms. Among the ligands, Hit_MiniMaybridge was the 
most stable with no deviation or confirmational change 
throughout the simulation. Standard drug displayed the 
lowest RMSD in ligand atoms with the value of 0.133 
nm; while the RMSDs in the atoms of Hit_Asinex, Hit_
MiniMaybridge, and Hit_Zinc were 0.193, 0.152, and 
0.146 respectively. Interestingly, a few spikes in RMSD 

plots at around 22- 40 ns and 69-78 ns show few major 
conformational changes in the ligand structures. The 
Hit_Asinex is undergoing a major conformational change 
at these simulation periods. The RMSD analysis suggests 
that all the hits and standards are in the binding site and 
are dynamically stable within the pocket of protein with 
few deviations in starting structures.

In isothermic and isobaric processes, the root mean 
square fluctuation (RMSF) governs fluctuations in 
protein-ligand complex residues or local changes. The 
analysis of root mean square fluctuations (RMSF) can 
also provide evidence about the stability of the protein-
ligand complex and elasticity of the side chains of binding 
site residues and residues in loop regions. In the case 
of complex with Hit_Asinex, the proteins side chain 
residues Val604, Ser363, and Tyr334 seems to undergo 
major conformational changes (Fig. S4 in Supplementary 
file 1). The hydrogen bonds formed with these residues in 
trajectories extracted at different time intervals revealed 
the involvement of the aforementioned residues in the 
stabilization of this complex. Hit_MiniMaybridge forms 
a hydrogen bond interaction with Arg415, Asn414, and 
Ser363 residues in the equilibrated complex (Fig. S5 in 
Supplementary file 1). None of these hydrogen bonds 
are stable however as at around 25 ns a new hydrogen 
bond forms with residue Ser602, at 50 ns with Gly574, 
and 100 ns with Gln530 and Arg483. Thus, there would 
be fluctuations in the side chains of these residues. In the 
case of Hit_Zinc, the residue Arg415 forms a consistent 

Fig. 7. Root mean square deviation (RMSD) in (a) Backbone atoms of protein and (b) Atoms of hit compounds and standard drug (c) RMSF analysis (d) 
Radius of gyration of Cα atoms of protein in all systems understudy.
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hydrogen bond till 50 ns which breaks during 75 ns and 
again forms at 100 ns (Fig. S6 in Supplementary file 1). 
While standard drug forms a hydrogen bond with Phe546 
at 25 ns, Asn414 at 50 ns, and Gln372 at 100 ns (Fig. S7 
in Supplementary file 1). The Hit_Zinc and standard 
drug do not show any hydrogen bonds in the equilibrated 
systems. In line with these results, the RMSF analysis 
also suggests the fluctuations in the side chains of many 
of these residues (Fig. 7). In the case of Hit_Asinex, the 
major fluctuations were observed in residues ranging 
from 430-440, while for Hit_MiniMaybridge and Hit_
Zinc the fluctuations were observed in residues ranging 
from 380-390 and 440-450. 

The radius of gyration (Rg) analysis calculates the root 
mean square distance of a group of atoms from their 
common center of mass, as well as acquires insight into 
the system's overall compactness. Till around 10 ns in all 
the systems, the Rg seems to be largely deviating pointing 

to the conformational changes in the loop regions (Fig. 8). 
However, thereafter almost all the systems have almost 
constant total Rg values within a narrow range of 1.78 to 
1.8 nm. This suggests the stability of all the systems. 

Hydrogen bond interactions signify the interactions in 
the stabilization of protein-ligand complexes. The more 
the number of hydrogen bonds formed better the stability 
of the resulting protein-ligand complex. Three hydrogen 
bonds were formed with Hit_Asinex, where a minimum of 
two hydrogen bonds are formed consistently throughout 
the MDS (Fig. 8). Similarly, in Hit_MiniMaybridge, a 
maximum of three hydrogen bonds could form but less 
frequently, and one hydrogen bond is found forming 
consistently. Interestingly, a maximum of five hydrogen 
bonds were found forming with Hit_Zinc, but only two of 
them are found to form consistently. The standard drug 
however forms only one hydrogen bond occasionally 
during MDS. 

Fig. 8. The number of hydrogen bonds formed between the ligand and binding site residues. (a) HIT_ASINEX, (b) Hit_MiniMaybridge, (c) Hit_Zinc, and (d) 
Standard drug.
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The binding free energy may be computed more 
precisely using the MM-PBSA technique. The free energy 
calculation analysis provides a quantitative estimate of 
binding free energy, which indicates the stability of the 
protein-ligand complex. The binding free energies were 
computed using the final 75-100 ns of MD trajectories, 
as shown in Table 3. The results revealed that Hit_Asinex 
had the lowest binding energy, -260.398 kJ.mol-1, and 
hence the highest binding affinity when compared to other 
ligands. Hit_Asinex has higher favorable electrostatic and 
polar solvation energies than other ligands. The Hit_Zinc 
has slightly higher binding free energy compared to other 
ligands.

Conclusion 
The top molecules from the screening of three libraries 
namely Asinex library, MiniMaybridge library, and Zinc 
database were selected. The top hit molecule from each 
library abides by Lipinski’s rule of five and Verber’s 
rule. All the three hit molecules have in acceptable 
values of predicted ADMET parameters and predicted 
toxicity. Docking results of the hit molecules indicate the 
interaction with the amino acids of the Kelch domain. 
The Kelch domain is that part of Keap1 which holds 
Nrf2 through its c-terminal. Hence these interactions are 
considered significant and might lead to a conformational 
change in the protein which in turn would release 
Nrf2. Hit_Asinex (2-(4-(6-(-5-((2-chloro-6-methyl 
phenylamino) (hydroxy)methylene)thiazol-2(5H)-
ylidene)methyl)-2-methylpyrimidin-4-yl) piperazin-1-
yl)ethanol) and Hit_MiniMaybridge (HTS_01719) show 
interactions with hydrogen bonding and stability in 
molecular dynamics. In terms of stability in the Keap1 
pocket, Hit_Asinex has comparatively better electrostatic 
and binding energy than the other two hits. Prediction of 
the probable active molecules is an integral part of rational 
drug design. So, the results of these hit molecules can be 
used for the discovery of novel Keap1 inhibitors. There is 
a huge research gap in the field of Keap1 inhibitors as no 
Keap1 inhibitor has cleared all the phases of clinical trials. 
This research work can further be extended to designing 
and synthesizing more potent Keap1 inhibitors. 
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