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In silico and docking studies on the binding
activities of Keapl of antioxidant compounds
in non-oilseed legumes
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KEYWORDS Abstract We used in silico methods to predict the physiochemical and pharmacological characteris-
In silico; tics, toxicity, and biological activities of the screened compounds. All compounds showed positive
Keapl; results while calculating their physiochemical and pharmacokinetic descriptors. Using the Prediction
Molecular docking; of Activity Spectra for Substances (PASS) software on compounds form non-oilseed legumes, we
Nrf2; identified compounds (mainly 4 polyphenol compounds) with anti-infective, anti-eczematic, antimu-
Non-oilseed legumes tagenic, muco-membranous protector, fibrinolytic, anticarcinogenic, hepato-protectant, cardio-

protectant, antioxidant, and astringent effect. PASS predicted HO-1 expression enhancing and free
radical scavenging properties for gallic acid, coumaric acid, catechin, and epicatechin. Data about val-
idation protocols for molecular docking of ligand IVV to Keap1 was performed by root mean square
deviation (RMSD) value is used to validate docking protocol and representation mainly for analyzing
stability of protein and predicting conformational changes of protein. Molecular docking is a power-
ful technique for studies of receptor-ligand interaction and has led to the discovery of Keap1-Nrf2
small molecule inhibitors. Keap1 inhibits the degradation of Nrf2. Our results suggest that screened
compounds from non-oilseed legumes can effectively interact with the Keapl binding site and disso-
ciate Keapl and Nrf2. The screened compounds from non-oilseed legumes that displayed high bind-
ing affinities with Keapl are promising new Nrf2 activators. We performed molecular docking to
identify the molecular interactions of gallic acid, catechin, and epicatechin with Keapl. Non-

* Corresponding author at: Department of Food Science and Biotechnology, Graduate School, Kyungpook National University, Daegu 41566,
Korea.

E-mail address: sang(@knu.ac.kr (S.-H. Lee).

! These authors contributed equally to this work.
Peer review under responsibility of King Saud University.

&

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.104414
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104414&domain=pdf
mailto:sang@knu.ac.kr
https://doi.org/10.1016/j.arabjc.2022.104414
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.104414
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://repository.unej.ac.id/
http://repository.unej.ac.id/

N. Diniyah et al.

oilseed legumes plant is a natural source of potent antioxidant that may prevent diseases and could be
potentially used as functional food, nutraceuticals, and drugs.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Phytochemicals are biologically active natural compounds with nutri-
tional and therapeutic properties. Polyphenolic compounds are a
group of phytochemicals with at least one hydroxylated benzene ring.
The compounds in this wide and dissimilar group are generally catego-
rized by their number of carbon atoms. Phenolic acids are a notable
subgroup of phenolic compounds with either a C4—C; (hydroxybenzoic
acids) or a C¢—C; (hydroxycinnamic acids) skeleton, composed of a
phenolic ring and a carboxyl substituent. Simple phenols, phenolic
acids, coumarins, cinnamic acid derivatives, flavonoids, chalcones,
anthocyanins, betacyanin, xanthones, benzophenones, lignin, lignans,
quinone, and tannins are the main subgroups of natural phenolic com-
pounds (Pengelly, 2004). Most healthy foodstuff contains phenolic
compounds including legumes. Non-oilseed legumes compounds have
identified such as gallic acid, coumaric acid, catechin and epicatechin
(Diniyah et al., 2020a, 2020b) and they contribute to health benefits
mainly through their antioxidative properties (Huang et al., 2019;
Feng et al., 2018; Nakano et al., 2018; Niu et al., 2017).

Currently in silico methods attract attention because they can poten-
tially replace some animal research, thus minimizing and ethical con-
cerns. These methods can characterize and predict human and
environmental toxicity (Raji et al., 2017; Hartung & Hoffmann, 2009).
In silico tools also help to combine various up-to-date computational
and experimental approaches more efficiently than a battery of labora-
tory experimental analyses (Devi et al., 2015). Medicinal chemists use
in silico techniques such as virtual screening to quickly and efficiently
evaluate the pharmacological behavior and receptor interactions of com-
pounds (Goelet al., 2011). Besides structure—activity relationship analy-
sis, in silico methods can also predict the properties of new structures or
compounds based on databases of experimentally determined toxicity
data. Progress in computer-supported modeling has resulted in a better
understanding of the molecular mechanisms and toxicity of phytochem-
icals and their metabolites (Boobis et al., 2002; Nigsch et al., 2009).

The literature shows that molecular docking has been crucial to study
receptor-ligand interactions in the inhibition of enzymes related to
antioxidant activity. This technique has clarified the possible active
region of the receptor, which amino acid residues are involved in the
interactions, and which atoms directly interact with the ligand (Gupta
et al., 2018). Molecular docking has helped in the elucidation of the
antioxidative mechanism of some compounds. Their antioxidant activity
was determined using biological tests, and the AutoDock 4.0 program
characterized the ligand-receptor interaction by calculating the binding
free energy and inhibition constant (Ki) (Bandari et al., 2017). A molec-
ular docking study with AutoDock 4.2.6 evaluated the antioxidant activ-
ity of a novel structural class of PPARa/y receptor ligands (Niu et al.,
2017).

The transcription factor nuclear factor erythroid 2-related factor 2
(Nrf2) plays an essential role in regulating a series of phase II detoxi-
fication enzymes and non-enzymes antioxidants (Duan et al., 2016).
Normally, the kelch-like ECH-associated protein 1 (Keapl) binds to
Nrf2, retains it in the cytoplasm, and prevents its degradation. Keapl
acts as a substrate adaptor that negatively regulates Nrf2 activity
under physiological conditions (Ji et al., 2015). Based on the scaveng-
ing ability of antioxidant compounds, we predicted the physiochemi-
cal, pharmacokinetic, and toxic properties of antioxidant compounds
from non-oilseed legumes extract previously identified in our labora-
tory. Besides, we carried out chemometric analyses to establish a rela-
tionship between the molecular and electronic properties of these
compounds and their antioxidant activity.

2. Materials and methods

2.1. Protein, ligand, and screened compounds selection and
preparation

We obtained the protein (the crystal of Keapl), ligand (IVV),
and screened compounds from the National Center for
Biotechnology Information (Sayers et al., 2012) and PubMed
(Shultz, 2007) databases, and the 3D structures from the Pro-
tein Data Bank (PDB code: 4L7B). We retrieved the 3D struc-
tures of the screened compounds of non-oil seed legumes
(gallic acid, coumaric acid, catechin and epicatechin as shown
in Fig. 1) from the PubChem database, in SDF (structure data
file) format. (Kim et al., 2016). We then prepared the chemical
compounds using the default parameters of the Ligprep mod-
ule in the Schrédinger suite (LigPrep, 2018).

2.2. In silico prediction of the physiochemical and
pharmacokinetic parameters, and toxic risk

To estimate the physiochemical and pharmacokinetic parame-
ters, possible metabolism, and toxicity risks (mutagenicity, car-
cinogenicity, cardiotoxicity, skin irritation, and hepatotoxicity)
of the screen compounds, we conducted a computational sim-
ulation study on the SwissAdme (Daina et al., 2017), Admet-
SAR and pkCSM (Pires et al., 2015) webservers. We used
PASS-online for biological or pharmacological activities spec-
trum prediction. Prediction results were expressed in percent-
age of probable activity (Pa) and probable inactivity (Pi). Pa
and Pi values vary from 0.000 to 1.000, thus, here, we consid-
ered only activities with Pa > Pi and Pa > 0.700. We also
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checked Lipinski’s rule of five, which are often used in rational
drug design, to estimate the bioavailability of these ligands. We
used simplified molecular data input format (SMILES) and
SDF file formats to check the properties of the ligands.

2.3. Molecular docking study

To explore the possible binding mode of Keapl ligand IVV
and the ability of gallic acid, coumaric acid, catechin, and epi-
catechin to inhibit this interaction, we performed molecular
docking simulations using AutoDock Vina (Trott and Olson,
2009) through the DockingApp’s interface (Di Muzio et al.,
2017). All the water molecules and ligands were removed from
the initial structure of Keapl and polar hydrogen atoms were
added before docking. The grid box was centered for each tar-
get on the native binding site. The grid box size was set to 16 A
x 16 A x 16 A with its center at position x — 24,y =28
and z = — 29.21. AG values, Receptor-ligand interaction data
(binding affinity BA), and inhibition constant (Ki) values
regarding the inhibition of these receptors were obtained using
the AutoDock 4.2.6 and Vina programs (Morris et al., 1998),
respectively, based on a standard protocol established by our
research group for each analyzed receptor (Cruz et al., 2018;
dos Santos et al., 2018; Silva et al., 2019). The figures were gen-
erated using Pymol and discovery studio.

3. Results

Based on previous data, we hypothesized that phenolic com-
pounds such as flavonoids could be the primary constituents
in non-oilseed legumes since polyphenols and flavonoids nor-
mally show a very strong antioxidant potential. Moreover,
we used in silico simulation to predict the physiochemical
and pharmacological characteristics, biological activities, and

toxic risk of the selected compounds. Drug candidates need
to meet certain criteria. We predicted the physiochemical,
pharmacokinetic, toxic, and pharmacological properties of
the compounds obtained from the docking simulation study.
We then used the pkCSM, admetSAR and SwissAdme web-
servers to determine the toxicity profiles of the compounds
by evaluating various physiochemical and pharmacokinetic
(Table 1), and toxicity properties (Table 2). Furthermore, we
evaluated the in-silico toxicity of constituents of non-oilseed
legume and found a very low toxicity probability.

The physiochemical and pharmacokinetic descriptors of all
the compounds were positive (Table 1). As described in
Table 1, all calculated descriptors were within the satisfactory
range, with properties including, QPlogP,,, (octanol/water
partition coefficient), QPlogS (aqueous solubility) (Jorgensen
and Duffy, 2002, 2000), molecular weight, and number of H
bond acceptors and donors (Cavalli et al., 2002). All four
screened compounds showed (Table 2) no inhibitory activity
and positive results toward Renal OCT?2 substrate, mutagenic-
ity, hepatotoxicity, carcinogenicity, skin toxicity (Martin,
2005), percentage of human intestinal absorption (Pires
et al., 2015) and possible metabolism through the CYP family
(Hollenberg, 2002). A1, A3 and A4 were unable to penetrate
the CNS (log PS — 3 < — 3) (Pires et al., 2015).

In our study, PubChem CID: 370 [TUPAC name: 3,435-
trihydroxybenzoic acid], CID: 637,542 [ITUPAC name: (E)-3
(4-hydroxyphenyl) prop-2-enoic acid], CID: 72,276 [ITUPAC
name: (2R,3R)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chro
mene-3,5,7-triol], CID: 65,064 [[UPAC name: (2r,3r)-5,7-dihy
droxy-2(3,4,5-trihydroxyphenil)-3,4-dihydro-2H-chromen-3-y
1]3.4,5-trihydroxybenzoate] were denoted as Al, A2, A3, and
A4, respectively.

Moreover, we performed the in-silico simulation to predict
the pharmacological properties of the screened compounds
(Table 3). PASS identified compounds that could have antisep-

Table 1 Physiochemical and pharmacokinetic properties of the screened compounds of non-oilseed legumes.

Parameter Al A2 A3 A4
Molecular weight 170.12 g/mol 164.16 g/mol 290.27 g/mol 456.40 g/mol
Num. heavy atoms 12 12 21 33

Num. arom. heavy atoms 6 6 12 18

Num. rotatable bonds 1 2 1 5

Num. H-bond acceptors 5 3 6 10

Num. H-bond donors 4 2 5 6

Water solubility —2.56 —2.38 —3:12 —2.94
Class solubility Very soluble Soluble Soluble Moderately
Bioavailability 0.56 0.85 0.55 0.55

Log P,y (XLOGP3) 0.70 1.46 0.36 1.85
CaCO, permeability —0.081 1.21 —0.283 —0.277
Total clearance 0.518 0.662 0.183 —0.132
BBB permeability —1.102 —0.225 —1.054 —1.787
CNS permeability —3.74 —2.418 —3.298 —3.721
Intestinal absorption 43.374 93.494 68.829 80.844
CYP2D6 substrate No No No No
CYP2DG6 inhibitor No No No No

Skin permeability —2.735 —2.715 —2.735 —2.735

Al: gallic acid; A2: coumaric acid; A3: catechin; A4: epicatechin.

Web server: pkCSM (https://biosig.unimelb.edu.au/pkesm.), admetSAR (https://Immd.ecust.edu.cn/admetsar2) and SwissAdme (https://www.

swissadme.ch/).
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Table 2 Toxicity of the screened compounds of non-oilseed legumes.

Parameter Gallic acid Coumaric acid Catechin Epicatechin
Renal OCT2 substrate No No No No
Hepatotoxicity No No No No
Carcinogenicity (binary) No No No No
Mutagenecity No No No No
Cardiotoxicity No No No No
Skin toxicity No No No No

Al: gallic acid; A2: coumaric acid; A3: catechin; A4: epicatechin.

Web server: pkCSM (https://biosig.unimelb.edu.au/pkesm.), admetSAR (https://Immd.ecust.edu.cn/admetsar2) and SwissAdme (https://www.

swissadme.ch/).

tic, anti-infective, anti-eczematic, antimutagenic, muco-
membranous  protective, fibrinolytic,  anticarcinogenic,
hepato-protective, cardio-protective, antioxidant, and astrin-
gent effects. This supports the potential use of non-oilseed
legumes for diabetes and metabolic syndromes. Additionally,
PASS predicted HO-1 expression enhancing and free radical
scavenging properties for gallic acid, coumaric acid, catechin,
and epicatechin (probable activity, Pa > 0.7).

4. Discussion

Fig. 2A—C shows the validation protocols data for the molec-
ular docking of ligand IVV to Keapl in a three-dimensional
ribbon binding map. Generally, the root mean square devia-
tion (RMSD) value is used to validate docking protocols and
when analyzing protein stability and predicting conforma-
tional changes. The RMSD value depends on the binding
interaction and energy between the protein and its ligand
(Durairaj, 2015). According to the literature, the RMSD val-
ues expressing the relationship between the calculated X-ray
crystallographic data of the complexed ligand and the simu-
lated result must be less than 2.0 A (da Silva et al., 2018;
Hevener et al., 2009). Low RMSD values reflect low variation
and would be acceptable. Our RMSD value is low (1.85 A) and
attests that the protocol we used can be applied in molecular
docking analyses.

Fig. 3 shows the binding site of IVV within Keapl. The
degree of binding of the ligand with the protein refers to the
binding affinity. The energy released due to the bond forma-
tion, or rather, interaction of the ligand and protein is termed
in form of binding energy. The free energy of the favorable
reaction is negative (Asthana, 2014). The affinity binding
energy of small molecular ligand IVV to Keapl was predicted
to be — 9.2 kcal/mol and we used this value to classify the best
poses obtained in the molecular docking analyses. Only the
smallest affinity binding energy values for the best poses are
shown (Fig. 3). The lower the affinity binding energy, the more
significant the interaction between the receptor and the ligand
(da Silva et al., 2018). Interestingly, the calculated affinity
binding energy between ligand IVV, Keapl and gallic acid,
coumaric acid, catechin, and epicatechin were — 6.2, —5.8,
—8.4, and — 8.5 kcal/mol, respectively, which is higher than
the binding affinity of IVV and Keapl (—9.2 kcal/mol). It is
possible to verify the tendency of the binding affinity value
to decrease by increasing the number of interactions (Da

Table 3 Pharmacological activity predicted for identified
screened compounds of non-oilseed legumes.

Phytoconstituents Main Predicted Probable Probable
Properties by PASS-  activity inactivity
Online (Pa’) (Pi*)

Gallic acid Antiseptic 0.910 0.003
Superoxide 0.898 0.004
dismutase inhibitor  0.855 0.009
Antieczematic 0.828 0.001
Antiinfective 0.812 0,005
Astringent 0.732 0.005
HO-1 expression 0.717 0.013
enhancer
Oxidoreductase
inhibitor

Coumaric acid Antimutagenic 0.886 0.002
HO-1 expression 0.783 0.004
enhancer 0.749 0.009
Fibrinolytic 0.729 0.005
Antiseptic 0.707 0.043
Anti-eczematic

Catechin Muco-membranous  0.962 0.003
protector 0.939 0.002
HO-1 expression 0.888 0.002
enhancer 0.842 0.002
Lipid peroxidase 0.810 0.003
inhibitor 0.795 0.005
Free radical
scavenger
Antioxidant
Anticarcinogenic

Epicatechin HO-1 expression 0.982 0.001
enhancer 0.960 0.001
Free radical 0.947 0.002
scavenger 0.934 0.002
Fibrinolytic 0.861 0.004
Antimutagenic 0.840 0.003
Anticarcinogenic 0.838 0.001
Hepato-protectant ~ 0.837 0.003
Astringent 0.750 0.030
Cardio-protectant 0.739 0.004

Anti-eczematic
Antioxidant

Using PASS-online web server: https://www.pharmaexpert.ru/pas-

sonline/.
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Fig. 2

RMSD: 1.85

Comparison of molecular docking by Keap1 and its ligand IVV. (A) Crystal structure of Keapl (PDB: 4L7B). (B) Crystal structure

of Keapl (PDB: 4L7B) with the original ligand IVV; (C) IVV superimposed structure.

PheS577

Ser602

Gly364

Binding energy: -9.2 kcal/mol

Fig. 3  Molecular docking results of IVV with Keapl. Crystal structure of Keapl with the original ligand IVV (orange) (PDB: 4L7B). (A)
Front view; (B) Side view; (C) Surface view; (D) 3D view (E) 2D representation of the interactions.

Silva et al., 2018). The molecular docking results of these inter-
actions are shown in Fig. 4.

Molecular docking is a very powerful technique for
research of receptor-ligand interaction inhibition of enzymes
related to antioxidant activity of compounds and has allowed
the discovery of Keapl-Nrf2 small molecule inhibitors (Li
et al., 2020), ERK-Nrf2-Keapl-mediated antioxidative
response inhibition (Feng et al., 2018). To investigate whether
our screened compounds could directly inhibit the protein—
protein interaction between Keapl and Nrf2, we assessed their
ability to bind to the Keapl kelch domain using AutoDock
Vina molecular docking software. The Kelch domain of Keapl
is considered as the Nrf2 peptide binding site, and several
reported inhibitors that directly bind to this site interrupt
Nrf2-Keapl interaction, promoting Nrf2 nuclear translocation
(Pang et al., 2016). Thus, we assumed that our screened
compounds-induced Nrf2 activation might be also associated
with direct binding to the Kelch domain of Keapl. Keapl is

considered as an inhibitor for degrading Nrf2. Our results
showed that four phytochemicals can effectively interact with
the Keapl binding site and dissociate Keapl and Nrf2.

The Keapl-Nrf2/ARE signaling pathway is an important
defense system against exogenous and endogenous oxidative
stress injury. It is a powerful oxidation—reduction system and
is also an isobiotic sensitive signaling pathway which protects
cells from injury and death (Chirumbolo and Bjerklund,
2018). In absence of stress, Keap1 is an E3 ubiquitin ligase sub-
strate adaptor that targets Nrf2 for rapid proteasomal degrada-
tion, which limits the cytoplasmic concentration of Nrf2. Gallic
acid, coumaric acid, catechin, and epicatechin bind to Keapl,
disturbing its interaction with IVV (Fig. 4). Competing with
the Nrf2 binding site of Keapl is an alternative pathway for
the regulation of Nrf2 activation. Our molecular docking results
indicated that gallic acid, coumaric acid, catechin, and epicate-
chin could stabilize Keapl. Our results suggest that nuclear
translocation of Nrf2 promoted by gallic acid, coumaric acid,
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Fig. 4  Comparison of binding residues of selected polyphenol compounds in non-oilseed legumes with Keapl. Gallic acid (A), coumaric acid
(B), catechin (C), and epicatechin (D) with Keapl are shown on their binding residues. Crystal structure of Keapl (PDB: 4L7B) and
binding interaction with gallic acid (pink), coumaric acid (yellow), catechin (red), and epicatechin (green). (i) Front view; (ii) Side view; (iii)
Surface interaction; (iv) 3D view (v) 2D representation of the interactions.

catechin, and epicatechin might be caused by the fact that they
bind to Keapl and disturb protein—protein interaction between
Keapl and Nrf2. Besides, gallic acid disturbs protein—protein
interaction between Keapl and Nrf2 which might also con-
tribute to the translocation of Nrf2 (Feng et al., 2018). Li
et al., (2020) found that phytochemicals that had high binding
affinity with Keapl are promising new Nrf2 activators.
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