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who have compromised immune systems. M. luteus is capable of synthesizing the enzyme superoxide
dismutase (SOD) as a component of its protective response to reactive oxygen species (ROS). This enzyme
serves as a promising target for drug development in various diseases. The current study utilized a sub-
tractive genomics approach to identify potential therapeutic targets from M. luteus. Additionally, genome
mining was employed to identify and characterize the biosynthetic gene clusters (BGCs) responsible for
Bacillus licheniformis the production of secondary metabolites in Bacillus licheniformis (B. licheniformis), a bacterium known for
Genome mining its production of therapeutically relevant secondary metabolites. Subtractive genomics resulted in iden-
Molecular dynamics tification of important extracellular protein SOD as a drug target that plays a crucial role in shielding cells
Simulation from damage caused by ROS. Genome mining resulted in identification of five potential ligands (sec-
ondary metabolites) from B. licheniformis such as, Bacillibactin (BAC), Paenibactin (PAE), Fengycin
(FEN), Surfactin (SUR) and Lichenysin (LIC). Molecular docking was used to predict and analyze the bind-
ing interactions between these five ligands and target protein SOD. The resulting protein-ligand com-
plexes were further analyzed for their motions and interactions of atoms and molecules over 250 ns
using molecular dynamics (MD) simulation analysis. The analysis of MD simulations suggests,
Bacillibactin as the probable candidate to arrest the activities of SOD. All the five compounds reported
in this study were found to act by directly/indirectly interacting with ROS molecules, such as superoxide
radicals (0,-) and hydrogen peroxide (H,0;), and transforming them into less reactive species. This
antioxidant activity contributes to its protective effects against oxidative stress-induced damage in cells
making them likely candidate for various applications, including in the development of antioxidant-
based therapies, nutraceuticals, and functional foods.
© 2023 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/).
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1. Introduction

Micrococci are a group of Gram-positive bacteria that belong to
the genus Micrococcus (Becker et al., 2015). They are spherical or
slightly elongated in shape and typically occur in clusters or pairs.
Micrococci are known for their ability to adapt to various environ-
mental conditions and can be found in diverse habitats such as soil,
water, air, and human skin (Aly 1991, Kooken et al., 2012). Micro-
cocci have diverse metabolic capabilities and can consume a broad
range of carbon sources (Sumarsih et al., 2018). They are also iden-
tified for their prospective capability to produce various enzymes
and metabolites of industrial and biotechnological interest (Kirk
et al., 2002, Prakash et al., 2017, Gupta et al., 2019). Micrococcus
luteus (M. luteus) is a species of Gram-positive bacterium belonging
to the genus Micrococcus. It is commonly found to be originating in
various environments, such as soil, dust, water, and human skin. M.
luteus is usually considered a non-pathogenic bacterium and is part
of the normal microbial flora on human skin. It is not typically
associated with causing diseases in healthy individuals (Seifert
et al., 1995, Zhu et al., 2021). However, under certain circum-
stances, M. luteus can become an opportunistic pathogen and cause
infections with indwelling medical devices (Zhu et al., 2021). It has
been identified as a causative agent of hospital-acquired infections,
bloodstream infections, surgical site infections and the infections
associated with indwelling catheters or prosthetic devices. M.
luteus infections have been reported in patients with conditions
such as endocarditis, osteomyelitis, peritonitis, and bacteremia
(Peces et al., 1997, lanniello et al., 2019). It is reported that M.
luteus infect individuals with weakened immune systems, such
as those undergoing chemotherapy, organ transplant recipients,
or patients with HIV/AIDS (Diirst et al., 1991, Zhu et al., 2021).
The treatment of M. luteus infections typically involves the use of
antibiotics (Szczerba 2003). However, it’s important to note that
M. luteus is generally resistant to numerous frequently used antibi-
otics, such as penicillin and erythromycin (Eady et al., 2000, Zhu
et al., 2021). This intrinsic resistance is primarily attributed to
the thick peptidoglycan cell wall of M. luteus which makes it less
susceptible to the action of antibiotics that target cell wall synthe-
sis or disrupt bacterial membranes (Jensen and Campbell 1976,
Vollmer et al., 2008, Zdorovenko et al., 2021). To the best of our
knowledge, there are no specific drugs or therapies that have been
developed specifically for M. luteus infections. However, the field of
drug discovery is constantly evolving, and new treatments may
become available in the future. In this study we used subtractive
genomics approach which is a computational method used to iden-
tify unique genetic elements or features of an organism by compar-
ing the genomes of closely related organisms. It involves the
systematic comparison of genomic sequences to identify regions
that are present in one organism but absent or significantly differ-
ent in another.

Bacillus licheniformis (B. licheniformis) is a Gram-positive, spore-
forming bacterium belonging to the genus Bacillus. It is generally
found in soil, water and various natural environments (Parkinson
2019). B. licheniformis has gained substantial attention due to its
versatile metabolic capabilities and potential applications in indus-
try and biotechnology (Muras et al., 2021, Ramirez-Olea et al.,
2022). It is recognized to produce an array of secondary metabo-
lites including certain antibiotics with antimicrobial activity
(Mondol et al., 2013, Muras et al., 2021). B. licheniformis itself is
not used as a direct source of drugs in the context of traditional
pharmaceuticals. However, certain products including antibiotics,
enzymes and antimicrobial peptides derived from B. licheniformis
have been explored for potential therapeutic applications (Muras
et al,, 2021, Romo-Barrera et al., 2021). In this study, we employed
subtractive genomics and genome mining approach to explore and
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analyze the genomic data of M. luteus and B. licheniformis to iden-
tify target protein and potential drug candidates/ligands. The cen-
tral role of genome mining consists in finding new biosynthetic
gene clusters (BGCs) within the genomes of sequenced organisms
(Albarano et al., 2020). The genomics era has also enabled genome
mining tools to find the candidate biosynthetic gene clusters
(Medema et al., 2015). AntiSMASH is one of the algorithm that
have been developed to search for secondary metabolite gene clus-
ters (Medema et al.,, 2011, Blin et al., 2019). Subtractive genomics
approach is a well-known and extensively used Insilico approach
where host cell sequences and proteomes of pathogens are sub-
tracted to obtain pathogen specific protein sequences which are
present only in pathogen but are absent in host cells. This approach
involves removal of paralogous sequences, identification of essen-
tial genes in pathogen which are non-homologous to host pro-
teome and druggability analysis of essential proteins (Ashraf
et al., 2022). And Genome mining refers to the systematic explo-
ration and analysis of genomic data to identify and characterize
genes, gene clusters, and biosynthetic pathways involved in the
production of natural products or biologically active compounds.
It involves searching through various genomic databases and using
bioinformatics machineries to extract valuable information regard-
ing the potential drug candidates, enzymes, secondary metabolites,
and other important biological molecules. Further, molecular dock-
ing method was carried out to predict the binding mode and affin-
ity among ligands and a target protein. Then, the molecular
dynamics (MD) simulation technique was explored to assess the
behavior and interactions of atoms and molecules over time to
get insights into the dynamic behavior of the selected protein-li-
gand complexes. The MD simulations of five complexes were car-
ried out for 250 ns and the results were analyzed using GROMAS
utility. The findings of the study reports as Superoxide dismutase
(SOD), a group of enzymes that play a crucial role in the antioxi-
dant defense system. SOD is an enzyme which plays a crucial role
in shielding the cells from the damaging effects caused by reactive
oxygen species (ROS). SOD works by catalyzing the conversion of
superoxide radicals (0O,-) into hydrogen peroxide (H,O,) and
molecular oxygen (0O,). This process helps to neutralize the harm-
ful effects of superoxide radicals, which can damage DNA, proteins,
and other cellular components. This can be beneficial in some con-
texts, such as cancer therapy, where the goal is to surge oxidative
stress in cancer cells to induce apoptosis or cell death. SOD is the
primary and the strongest detoxification enzyme in the cell
(Yasui and Baba 2006, Kaur et al., 2017). Several studies have
investigated the SOD activity in micrococci, and it has been shown
that different species of micrococci have varying levels of SOD
activity. For example, M. luteus has been found to have high levels
of SOD activity, while other species such as M. luteus and Micrococ-
cus variants have lower levels. Understanding the role of SOD in
micrococci is important for developing strategies to control the
growth and persistence of these bacteria. Additionally, the use of
SOD inhibitors may offer a potential therapeutic approach for
treating bacterial infections caused by micrococci and other bacte-
ria that produce SOD.

The molecular docking and MD simulations suggested the top
five compounds Bacillibactin (BAC), Paenibactin (PAE), Fengycin
(FEN), Surfactin (SUR) and Lichenysin (LIC) for further studies.
Among them, Bacillibactin has shown very significant interactions.
Bacillibactin functions as a chelator for iron ions. It forms a stable
complex with iron, called the ferric-bacillibactin complex, through
its specific structure and coordination chemistry (Lee et al., 2011).
This complex is recognized by specific receptors present on the
bacterial cell surface and is internalized into the bacterial cyto-
plasm through the transport systems (Dertz et al., 2006). Inside
the bacterial cell, the ferric-bacillibactin complex is processed,
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and iron is released. The released iron is then utilized by the bac-
teria for various cellular processes, including the synthesis of
essential enzymes and proteins involved in metabolism, respira-
tion, and DNA replication. Inhibiting the biosynthesis or utilization
of siderophores can potentially deprive bacteria of essential iron,
making them more vulnerable to the host immune response or
antimicrobial treatments. Hence, through this study we propose
Bacillibactin as a candidate ligand to arrest the activities of SOD.
The connection between SOD and Bacillibactin lies in their roles
in bacterial defense mechanisms (Lee et al., 2011, Wang et al.,
2011). SOD protects bacteria from oxidative stress by converting
superoxide radicals into less harmful compounds. Oxidative stress
can arise when bacteria encounter high levels of ROS, such as dur-
ing host immune responses. Bacillibactin, on the other hand, helps
bacteria scavenge iron, which is crucial for various cellular pro-
cesses (Miethke and Marahiel 2007, Page 2019). Iron limitation
can occur in the host environment as a defense strategy against
bacterial pathogens.

2. Materials and methods
2.1. Retrieval of Micrococcus luteus and human proteome

The present study employed the subtractive genomics approach
to discover the novel and potential drug targets against the M.lu-
teus, which has been identified to cause plethora of infections
including native valve endocarditis, septic arthritis, bacteremia,
hepatic and brain abscess in immunosuppressive patients (Zhu
et al., 2021). Micrococcus luteus and Human proteomes were
acquired from the Uniprot database (https://www.uniprot.org/)
as reported previously (Bagewadi et al., 2023). The complete set
of the data was considered as set (0).

2.2. Selection of paralogous proteins

A web server CD-HIT suit (Huang et al., 2010) was used for clus-
tering and comparing biological sequences. This tool suggests pre-
calculated clusters for numerous public sequence databases that
are updated on a regular basis. We subjected the Set (0) dataset
to CD-HIT suite with a cut-off of 0.6 (60% sequence identity). Other
parameters considered includes the removal of paralogous proteins
with more than 60% sequence identity were removed (Fatoba et al.,
2021, Ashraf et al., 2022). This set of non-paralogous proteins gen-
erated using CD-HIT was considered as Set (1).

2.3. Identification and retrieval of non-homologous sequences

The human proteins that are alike to pathogen proteins might
interfere in binding of therapeutic compounds or ligands obtained,
to the active site of pathogen proteins (IKhan et al., 2020). Hence,
the homologous sequences that are functionally comparable
between the M. luteus and Human proteomes were screened and
only non-homologous sequences were considered for further anal-
ysis. This dataset was subjected for Galaxy tool (https://usegalaxy.
org/) (Afgan et al., 2018) for sequence similarity searching using
the Blastp database (Camacho et al., 2009) against human pro-
teome as reported previously with the threshold expectation value
cut-off (e-value) 0.0001 (Khan et al., 2020, Bagewadi et al., 2023).
The resulting data set of proteins was listed as non-homologous
proteins (set2).

2.4. Prediction of sub-cellular location of proteins

The subcellular localization of proteins can provide valuable
information related to its activity. The subcellular localization of
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proteins in a cell is critical for revealing the processes engaged at
the cellular level. The subcellular localization of protein analysis
was used to classify the proteins from the study into various cate-
gory including inner membrane, extracellular space, cytoplasm,
outer membrane, and periplasm. The subcellular localization
approaches are used in identifying a drug target proteins. In this
study, we used PSORTdb (https://db.psort.org/) (Lau et al., 2021)
among the available subcellular localization prediction tool.
PSORTdb consists two databases: ePSORTdb, database of experi-
mentally validated protein subcellular localizations which is man-
ually curated, and cPSORTdb, database of PSORTb-predicted
subcellular localizations for the NCBI's RefSeq-derived archaeal
and bacterial proteomes which is pre-computed. The search con-
centrated on extracellular proteins in order to improve the likeli-
hood that it may be used as a drug target. The resulting protein
sequences were retrieved in the.FASTA format and listed as Set (3).

2.5. Metabolic pathways analysis

Understanding the biological pathway of the pathogens
involves information on the original kinetics governing the mole-
cules and enzymes associated with the pathway. This understand-
ing of specific enzymes that may be crucial targets in the control of
M. luteus is essential. In this study, we used KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) via the KAAS server (https://www.
genome.jp/kaas-bin/kaas_main) (Moriya et al., 2007). The server
operates by rapidly assigning K values to genes in the genome,
allowing reconstruction of KEGG pathways based on certain
heuristics, sequence similarities and bi-directional best hit infor-
mation. The data set from the previous analysis (set 3) in the FASTA
format was subjected to KEGG analysis and the protein with
assigned KEGG Orthology (KO) were considered (set4) for further
studies as reported earlier (Bagewadi et al., 2023).

2.6. Genome mining of B. licheniformis

Genome mining refers to the systematic exploration and analy-
sis of genomic data to identify and characterize genes, gene clus-
ters, and biosynthetic pathways involved in the production of
natural products or biologically active compounds. It involves
searching through various genomic databases and using bioinfor-
matics machineries to extract valuable information regarding the
potential drug candidates, enzymes, secondary metabolites, and
other important biological molecules. Genome mining was per-
formed to explore SMs (Specialized metabolites) produced and
BGCs (Biosynthetic Gene Clusters). BGC prediction and annotation
tool antiSMASH was used to automate Biosynthetic Gene Clusters
finding in genome sequencing (Kenshole et al., 2021). Uploading
the GCF file of B. licheniformis, which can be extracted by down-
loading the complete genome assembly in NCBI database
(https://www.ncbi.nlm.nih.gov/), secondary metabolites produc-
ing regions were generated. Most similar known clusters were
screened and few ligands were selected for further studies. The
vast majority of antibiotics presently in clinical use are derived
from microorganisms’ naturally occurring small compounds. Many
microorganisms’ metabolisms have been reported to contain
bioactive compounds which are novel in nature, including that of
B. licheniformis, which is found to be a rich source of such com-
pounds which can have potential pharmaceutical applications as
antibiotics and other class of drugs (Harwood et al., 2018). To
screen the secondary metabolites of B. licheniformis, we employed
the secondary metabolite analysis shell (antiSMASH) (Blin et al.,
2021) tool to find the microbial genomes for secondary/specialized
metabolite (SM) biosynthetic gene clusters (BGCs). This was
achieved by first downloading the complete genome assembly of
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B. licheniformis from NCBI database (https://www.ncbi.nlm.nih.-
gov/) and then subjecting it to antiSMASH as reported previously
(Bagewadi et al., 2023). Most similar known clusters were screened
and few ligands were selected for further studies.

2.7. Molecular docking of novel inhibitors from B. licheniformis with
superoxide dismutase protein

Retrieval and preparation of the ligands and target struc-
ture: The 3D structures of the five ligands namely, Bacillibactin,
Lichenysin, Paenibactin, Fengycin, and Surfactin selected from Gen-
ome mining approach was considered for molecular docking
against the superoxide dismutase protein selected from the sub-
tractive genome approach. The 3D structures of these ligands were
not readily available in PubChem. Hence, canonical SMILES from
PUBCHEM database were used to generate 3D chemical structures
of ligands using the CACTUS tool. Later the generated ligands were
energy minimized with Avogadro to obtain the least energy con-
formational state and subsequently converted to pdbqt format file
using open babel. Supplementary Fig. 1 shows the 2D structure of
all five ligands considered for protein-ligand docking. Additionally,
we employed an in-silico pharmacoinformatics approach to screen
the identified possibly active candidate compounds from B. licheni-
formis utilizing ADME/drug-likeness features in order to validate
potential compounds for further research (Lipinski et al., 2001).
Similarly, the superoxide dismutase proteins’ 3 Dimensional struc-
ture was modeled using SWISS MODEL software (Waterhouse
et al., 2018), which is automated protein structure homology-
modelling server. The structure of SOD obtained from Swiss model
is represented in Supplementary Fig. 2. The modelled structure was
validated using PROCHECK software (Laskowski et al., 1993) which
checks the stereo chemical quality of protein structures based on
Ramachandran plot. Then the, active site of the target protein
SOD was recorded using the Computed Atlas of Surface Topogra-
phy of proteins (CASTp) server which give information about sur-
face features and functional regions of protein (Binkowski et al.,
2003). The catalytic/functional residues of SOD included 67ALA,
70LEU, 71GLY, 74THR, 75ASN, 142PHE, 145GLN, 146GLN,
149VAL, 150PRO, 151VAL, 152ALA, 153THR, 155PRO and
158GLN. Molecular docking of the ligands and the target was
achieved using the Autodock Vina tool (Valdés-Tresanco et al.,
2020). Grid box was optimized to include the entire binding site
of protein target with a box parameter of 36.882 * 13.805 * 39.34
(x, y, and z coordinates) and 50 * 55 * 35 as grid size for x, vy,
and z respectively. PyMOL (https://pymol.org/) was used for visu-
alization of the docking interactions and LigPlot + for generating
the interaction diagram.

2.8. MD simulations

The atomic mobility of a simulated system over time under the
influence of a force field is predicted by MD simulations. This MD
feature helps to study native and protein-ligand complexes to
computationally infer the dynamics of a protein molecule by mim-
icking the physiological condition of a protein molecule. System
inputs for MD were generated with Charmm-gui and GROMACS
2020.6 was employed to achieve SOD protein and protein-ligand
complex MD simulations under the influence of the chosen
CHARMM36m force field. In total, MD simulation of five ligands
in complex with protein SOD were carried out for 250 ns time as
reported previously (Gangadharappa et al, 2020a, Bagewadi
et al.,, 2023). The complexes include (1) SOD-Bacillibactin (SOD-
BAC), (2) SOD-Paenibactin (SOD-PAE), (3) SOD-Fengycin (SOD-
FEN), (4) SOD-Surfactin (SOD-SUR) and (5) SOD-Lichenysin (SOD-
LIC).
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2.9. Analysis of simulated trajectories

Following the production MD run for 250 ns, the resultant tra-
jectory files were analyzed using gromacs utilities such as ‘gmx
rms’, ‘gmx rmsf’, ‘gmx gyrate’ and ‘gmx sasa’ for Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuations (RMSF), Solvent
Accessible Surface Area (SASA) and Radius of Gyration (Rg) respec-
tively (Gangadharappa et al., 2020a). The data was examined for a
minimum steady trajectory of 60 ns in a window size of 15 ns.
VMD (Humphrey et al., 1996) and PyMol (Schrodinger 2010,
Yuan et al., 2017) software were used to visualize the structural
figures. Xmgrace (Turner 2005) tool was used to generate the
graphs and plots. These data analysis was performed to check for
the rigidity, compactness, fluctuations and stability of ligand-pro-
tein complex (Yaraguppi et al, 2021). To study the binding free
energy (AG binding) of the ligand with protein over simulation
time, the Molecular Mechanics Poisson-Boltzmann surface area
(MM-PBSA) (Miller et al., 2012) approach was used. The binding
free energy was calculated using the GROMACS function
g_mmpbsa (Kumari et al., 2014).

3. Results

This study employed Subtractive Genomics strategy combined
with molecular docking and MD simulations approach to identify
and characterize the drug target from the proteome of M. luteus,
and screen the secondary metabolites of B. licheniformis as a ther-
apeutic target. The results of the analysis are explained in the fol-
lowing subsections.

3.1. Paralogous sequence exclusion

To screen out M. luteus paralogous sequences, the CD-hit server
was used. In total, 41,924 proteins out of 50,703 were revealed to
be paralogous. When the cut off was set to 60% sequence identity
on the CD-hit suite server, only 8779 proteins were identified to
be non-paralogous. This step rejected 41,924 proteins which are
paralogous in nature. As an outcome of this analysis, 8779 proteins
were listed as Set1.

3.2. Human non-homologous protein selection

Proteins that function in similar cellular systems between
humans and bacteria evolved as homologs over time. As a result,
treatments designed to bind pathogen target proteins should not
cross-react with host homologous proteins (Khan et al., 2020).
BLASTp was used in web galaxy to select non-homologous proteins
to the Human proteome. This analysis resulted in removal of 1,909
proteins with a cut off (threshold E-value) of 10™. These pathogen
specific proteins that are homologous to human proteins were fur-
ther excluded from analysis. The remaining, 6,870 proteins found
to be non-homologous proteins (have no hits) and were listed in
as set2.

3.3. Sub-cellular localization analysis reveals 15 extracellular proteins

Subcellular localization of non-homologous proteins was car-
ried out-using PSORTdb. The analysis was focused on listing the
extracellular proteins because of their probability as drug targets.
This is based on the reference to the published papers who used
similar strategy to consider the membrane proteins (Uddin et al,,
2018, Khan et al., 2020). It is evident that the extracellular or mem-
brane bound proteins are mostly selected for drug targets or vac-
cine targets because they have the favorable regions to be
considered as drug targets (Bakheet and Doig 2009). Extracellular
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proteins are an important class of drug targets due to their involve-
ment in various disease processes and their accessibility from out-
side the cells. Targeting these proteins with drugs can modulate
their activity, interfere with disease progression, and potentially
lead to therapeutic benefits. Hence, in this study we focused on
screening the extracellular proteins. Out of 2,215 proteins, accord-
ing to the results, 55.6% proteins were localized in cytoplasm,
26.7% proteins were found in cytoplasmic membrane, 16.6% pro-
teins location was unknown, 9 proteins in cell wall and 15 proteins
in extracellular space. All the 15 extracellular proteins were con-
sidered for further analysis and protein sequences of these 15 were
noted and listed as set3. The numbers of proteins located in differ-
ent regions of cell are as shown in Table 1.

3.4. Identification of drug targets

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a compre-
hensive database that assimilates information on genes, proteins,
pathways, and diseases. It provides a wealth of knowledge on the
molecular interactions and biological functions of various mole-
cules, including drug targets. In KEGG, drug targets are often asso-
ciated with specific diseases or pathways. The database contains
information on the relationship between drugs and their targets,
including the target protein or enzyme, the specific drug that inter-
acts with the target, and the associated disease or pathway
(Gangadharappa et al., 2020b, Kanehisa and Sato 2020). Metabolic
pathway analysis in KEGG involves the systematic study of the
interconnected metabolic reactions and pathways within an organ-
ism. It aims to understand the overall metabolism, identify key
metabolic pathways, and investigate the impact of genetic or envi-
ronmental factors on metabolic processes. The pathway analysis of
the FASTA sequence file of targets (set3) using KEGG through KAAS
server (https://www.genome.jp/kaas-bin/kaas_main) resulted in
identifying 10 pathways which are specific to Micrococcus luteus.
the list includes the MAPK signaling pathway - fly, Nicotinate
and nicotinamide metabolism, FoxO signaling pathway, Lipid and
atherosclerosis pathway, Longevity regulating pathway, Peroxi-
some, Chemical carcinogenesis - reactive oxygen species, Longevity
regulating pathway for Huntington disease, worm and multiple
species. The parameters considered for this analysis includes the
selection of ‘hsa’ for Homo sapiens in GENES data set section of
KEGG and (single-directional best hit (SBH) as assignment method.
Interestingly, 4 proteins out of 15 extracellular proteins considered
for the analysis were associated with KO (KEGG Orthology). In
most of the pathways listed above, Superoxide Dismutase (SOD)
was prominently available, indicates the completeness of the path-
way and the genes presence in the genome. Superoxide dismutase
(SOD) is a group of enzymes that play a crucial role in the antiox-
idant defense system of cells. Their primary function is to catalyze
the dismutation of superoxide radicals (03) into hydrogen peroxide
(H»03) and molecular oxygen (O;). This enzymatic reaction helps
protect cells from oxidative damage caused by reactive oxygen
species (ROS). These ROS are oxygen-containing chemically reac-
tive molecules that are produced as natural byproducts of cellular
metabolism. They include molecules such as superoxide radicals

Table 1

Proteins count in different locations of the cell using PSORTdb version 3.0.
SI. No. Predicted localization Count
1 Cell Wall 9
2 Cytoplasm 1229
3 Cytoplasmic Membrane 590
4 Extracellular 15
5 Unknown 367

Total 2215
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(03), hydrogen peroxide (H,0,) and hydroxyl radicals (OH")
(Maurya et al., 2021). While ROS are produced as part of normal
cellular processes, their levels are tightly regulated to maintain cel-
lular homeostasis. ROS are implicated in various pathological con-
ditions and diseases, including cancer, neurodegenerative
disorders, cardiovascular diseases, and inflammatory conditions.
Therefore, targeting ROS and their associated pathways has
emerged as a potential therapeutic strategy.

Superoxide dismutase (SOD) being an enzyme that catalyzes
the conversion of superoxide radicals (02-) into molecular oxygen
(02) and hydrogen peroxide (H202), plays a critical role in antiox-
idant defense. While SOD itself is not a direct drug target, modulat-
ing SOD activity or expression can have therapeutic implications.
Table 2 shows list of enzymes associated with KEGG Orthology
(KO). The list of proteins which are not associated with KO assign-
ment are provided in Supplementary Table 1.

3.5. Analysis of genome mining of B. licheniformis for ligands

The antiSMASH server was used to mine the B. licheniformis
genome. AntiSMASH enables annotation and study of secondary
metabolite biosynthesis gene clusters (BGCs) in fungal and bacte-
rial genomes, as well as quick genome-wide identification. Accord-
ing to the findings, a total of 11 areas were generated, along with
the most similar gene clusters, from which 5 ligands were chosen
for future investigation. Supplementary Table 2 lists the names of
the ligands as well as their PubChem ID (CID).

3.6. Analysis of molecular docking

We employed homology modeling and molecular docking to
predict and analyze the interactions among ligand obtained from
B. licheniformis and a target protein SOD from M. luteus at the
atomic level. The structure of the SOD generated through SWISS
Modeller was validated using PROCHECK for its stereo-chemical
quality and confirmed the overall protein structure and residue-
by-residue geometry. Results of the Ramachandran plot analysis
revealed that 91.3% of the residues were evidenced to be in the
most favored regions. A good model is expected to have more than
90% of its residues in the most favored areas. Ramachandran plot of
Superoxide dismutase for stereo-chemical quality checking is
shown in Supplementary Fig. 4. Ramachandran plot analysis of
residues in favored and allowed regions is given in Supplementary
Table 3. The binding sites of the SOD was predicated using Com-
puted Atlas of Surface Topography of proteins (CASTp) which is a
web-based tool and database that provides information about the
surface topography and structural features of proteins (Binkowski
et al,, 2003). The predicted binding sites of the protein SOD are
shown (red dots) in the Supplementary Fig. 5. Then, we performed
the ADME analysis for the shortlisted ligands as per the Lipinski
rule of five. The top five ligands were considered for molecular
docking. Molecular docking studies were performed to predict
the binding affinities and interaction profiles of the selected 5
ligands with SOD protein residues. Supplementary Table 4 shows
the binding energy values for each complex, and Supplementary
Fig. 3 shows the binding interaction profile for all complexes. The
docking results revealed that the SOD_Bacillibactin and
SOD_Paenibactin were the most promising candidates among the
other five complexes. Bacillibactin, the ligand, interacts with the
target protein complex with the lowest binding energy of
—9.3 kcal/mol. The Bacillibactin ligand interacts with the target
molecule by creating hydrogen bonds with the amino acids
5THR, 73HIS, 75ASN, 77SER, 152ALA, 153THR and 193ARG.

The binding energy of the Paenibactin ligand to the target SOD
was found to be — 7.8 kcal/mol and 777SER and 152ALA are the
important amino acid residues implicated in hydrogen bonding
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Table 2
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KO assigned proteins or enzymes list along with its Name, EC number, Molecular function, family and domains.

Sl. No. ID KO List Name EC Molecular function Family and domains
Number

1 WP_010079427.1 KO08672 Extracellular basic 3.4.21 serine-type endopeptidase activity (Hydrolase, Peptidase_S8 (182 - 461)
protease Protease, Serine protease)

2 WP_010078719.1 K04564 Superoxide dismutase 1.15.1.1 metal ion binding superoxide dismutase activity Sod_Fe_N (3-84)Sod_Fe_C
(SOD) (Oxidoreductase) (91-193)

3 WP_012751022.1 K17382 D-alanyl-D-alanine 3.4.16.4 (Carboxypeptidase, Hydrolase, Protease) Beta-lactamase (25-346)
carboxypeptidase

4 WP_010080124.1 KO00323 Alanine dehydrogenase 1.4.1.1 alanine dehydrogenase activity nucleotide binding ~ AlaDh_PNT_N (4-136)

(Oxidoreductase)

AlaDh_PNT_C
(148-296)

between the ligand and receptor. Lichenysin has the third-lowest
binding energy, with a value of — 6.7 kcal/mol. It forms hydrogen
bonds with 74THR, 152ALA and 153THR to interact with the recep-
tor molecule. Supplementary Fig. 3 shows the interaction between
amino acids of target molecule with that of ligand. Praveen et al.,
has conducted molecular docking studies against the Pseudomonas
aeruginosa superoxide dismutase (SOD) and reported the interac-
tion of SOD’s THR residue with ligand propiconazole (Satapute
et al., 2019). Molecular interaction of the triazole fungicide propi-
conazole with homology modelled superoxide dismutase and cata-
lase. Hatai et al., work on interaction of phytochemicals with target
SOD has shown energetically favourable results and the binding
interactions has ALA as one of the SOD’s interacting residue
(Hatai and Banerjee 2019). “Molecular docking interaction
between superoxide dismutase (receptor) and phytochemicals (li-
gand) from Heliotropium indicum Linn for detection of potential
phytoconstituents: New drug design for releasing oxidative stress
condition/inflammation of osteoarthritis patients. Supplementary
Table 4 displays the results of Fengycin (-5.8 kcal/mol.) and Sur-
factin (-5.6 kcal/mol.) docking investigations, as well as hydropho-
bic and hydrogen bond interactions. The generated protein-ligand
complexes stability was further analyzed using MD simulations
approach.

3.7. MD simulation analysis

MD simulation is a computational approach commonly
employed to illustrate the behavior and interactions of atoms
and molecules over the time. MD simulations can be employed
to study the binding of small drug-like molecules to their target
proteins. By simulating the complex system over time, MD allows
for the exploration of different binding modes, conformational
changes, and energetics of protein-ligand interactions. The top
three molecules (Bacillibactin, Lichenysin and Paenibactin) picked
for MDS have been found to play role in antibacterial activities.

Bacillibactin is a siderophore produced by certain strains of
Bacillus subtilis, a Gram-positive bacterium. Siderophores are small
molecules that are secreted by bacteria to scavenge and bind iron
from the environment, as iron is a vital nutrient for the survival
and growth of bacteria. Bacillibactin is a catecholate-type sidero-
phore, which means it contains a catechol moiety in its structure.
The catechol groups in Bacillibactin have a high affinity for iron
ions, allowing them to form stable complexes with iron. These
complexes are then recognized and taken up by specific transport
systems on the surface of Bacillus subtilis cells.

Paenibactin is a siderophore, which is a type of small molecule
produced by bacteria to scavenge and chelate iron from the envi-
ronment. It is primarily produced by bacteria of the Paenibacillus
genus, including Paenibacillus polymyxa and Paenibacillus larvae.

Lichenysin is a cyclic lipopeptide produced by certain strains of
Bacillus licheniformis, a Gram-positive bacterium. It belongs to the
family of surfactant lipopeptides and is known for its antimicrobial

and surface-active properties. Lichenysin is produced as a mixture
of isoforms, with varying lengths and amino acid compositions.
The primary structure of lichenysin consists of a cyclic peptide ring
connected to a fatty acid chain. The peptide ring is composed of 7
to 10 amino acids, including leucine, isoleucine, valine, and aspar-
tic acid. The fatty acid chain, typically a B-hydroxy fatty acid, is
attached to one of the amino acids within the peptide ring. MD
simulation analysis of top three complexes namely SOD-
BACILLIBACTIN (SOD-BAC), SOD-PAENIBACTIN (SOD-PAE) and
SOD_LICHENYSIN (SOD-LIC) along with APO is provided in the fol-
lowing subsection. Gromacs software for 250 ns and the simulation
trajectories were analyzed using GROMAS utility.

3.7.1. RMSD and RMSF analysis reveals overall stability at the
structure and residue level

To assess the structural stability of the complexes, RMSD of the
simulated system along time trajectory was analyzed by measur-
ing the deviation of SOD with regard to its crystal structure
(APO). Within 40 ns of the simulation time the RMSD of all systems
converged complying stable well-equilibrated system, as indicated
in Fig. 1. Then, the root mean square fluctuations (RMSF) were esti-
mated to assess the region wise loss of stability in all the five sys-
tems. RMSF plot analysis of all the SOD bound systems with ligands
is shown in Fig. 2. A region with a high RMSF is expected to be
more flexible, whereas a region with a low RMSF would possibly
have more constrained dynamics. This demonstrated that ligands
Bacillibactin, Lichenysin and Paenibactin binding to protein
resulted in a stable association and did not cause significant
changes in protein structure. RMSF of SOD systems were moni-
tored to examine the loss of stability region wise and it is known
to calculate the deviation in fluctuations around averaged position
of each atom. The RMSF is a measure of an amino-acid’s structural
displacement from its average position during the simulation. The
RMSF method is effective for assessing local flexibility in protein
structures and identifying flexible and rigid area. Pereira et al.,
has used the computational approach including RMSF to predict
the protein stability of SOD and the results have indicated the
stable regions with minimal variations (Pereira et al., 2021).

3.7.2. Inhibitors bound SOD found to minimal change in
conformational state

Further, we carried out the radius of gyration (Rg) analysis to
evaluate the compactness or overall size of a protein molecule.
Rg quantifies the distribution of mass around the center of mass
of the protein and provides insights into its structural properties
and dynamics. The radius of gyration was used to study the confor-
mational changes and flexibility of a protein over time. By calculat-
ing the Rg at different time points during a molecular dynamic
simulation, one can assess the expansion or contraction of the pro-
tein structure, as well as fluctuations in its shape. Fig. 3 depicts Rg
plot for all the three complexes with reference to SOD crystal
structure. The Rg analysis determined the compactness of a struc-
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Fig. 1. RMSD (Root Mean Square Deviation) is a measure of the average distance between the atoms of two superimposed molecular structures. It is commonly used in
molecular dynamics simulations to assess the accuracy of the simulation and the stability of the protein structure over time. The comparative RMSD values were estimated
with “gmx rms”. SOD-BACILLIBACTIN (SOD-BAC), SOD_LICHENYSIN (SOD-LIC) and SOD-PAENIBACTIN (SOD-PAE).
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Fig. 2. RMSF (Root Mean Square Fluctuation) is a measure of the average deviation of atomic positions from their mean positions over time in molecular dynamic simulations.
It provides information about the flexibility and dynamics of a protein structure. Regions with high RMSF values are typically more flexible, while regions with low RMSF
values are typically more rigid. The figure indicates a comparative RMSF plot of the complexes with the active site residues encircled in red generated with “gmx rmsf”.

ture during the simulation time. The Rg plot clearly shows that all
the systems Rg-time fluctuations were maintained between 1.75
and 1.8 nm. Then, we calculated Solvent Accessible Surface Area
(SASA), which refers to the surface area of a protein that is avail-
able to solvent molecules such as water. SASA is a crucial parame-
ter in protein structure analysis as it provides insights into the
protein’s folding, stability, and interactions with other molecules.
We have observed the surface area in the range of 100 -
110 nm? for all the complexes (Fig. 4).

Hydrogen (H) bonds are considered to be an important param-
eter in stabilization of intermolecular interactions between ligand
molecule and protein target (Suganya et al, 2017). Fig. 5 represents
H-bonds between the ligands and SOD. In addition, we performed
the Molecular Mechanics-Poisson Boltzmann Surface Area (MM-
PBSA) analysis. MMPBSA is a computational technique employed
to estimate the binding free energy of biomolecular complexes. It
combines molecular mechanics (MM) calculations to describe the
molecular interactions within the complex and Poisson-
Boltzmann (PB) continuum electrostatics to account for solvation
effects. MMPBSA analysis was performed on all three MDS trajec-
tories (Kumari et al., 2014), and it was discovered that the total
binding energy of SOD-LIC and SOD-PAE was relatively larger than
that of the SOD-BAC complex. Table 3 indicates the binding energy
of all the complexes. The binding energy of the SOD-BAC complex

system was —30.522+/-28.764 kJ/mol which showed that the
ligand was tightly bound to the protein throughout the simulation
duration. To summarize the above results, all the systems have
negative binding energy where SOD-BAC has the lowest binding
energy. Performing a molecular dynamics simulation after molec-
ular docking can provide additional insights into the stability and
behavior of a protein-ligand complex. Molecular docking is a com-
putational method used to predict the binding of a small molecule
to a target protein, but it provides only a static picture of the com-
plex. MD simulation can reveal the complex’s behaviour over time,
including its movement, ability to adapt to environmental changes,
and interactions with other molecules. This information can be
useful in predicting the stability of the complex and its ability to
bind to a target. The movements and interaction of molecules over
time could be the reason for getting the difference in binding
energy for SOD-BAC complex system. However, the MM-PBSA
binding affinity of all the complexes obtained indicates the stable
binding over the simulation time. The summary of the binding
energy of all the complexes is indicated in Table 3.

4. Discussion

The combined analysis of subtractive genomics and genome
mining approaches resulted in analysing the genomic data of M.
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Fig. 3. RG (Radius of Gyration) is a measure of the compactness of a protein structure, calculated as the root mean square distance of each atom in the protein from the center
of mass of the protein. It provides a quantitative measure of the overall size and shape of a protein structure. Protein structures with a smaller RG value are typically more
compact and globular, while structures with a larger RG value are typically more extended and flexible. The “gmx gyrate” module was used to estimate the RG values for the

comparative graphs plotted above.
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Fig. 4. SASA (Solvent Accessible Surface Area) is a measure of the surface area of a protein structure that is accessible to solvent molecules. It can provide insights into
conformational changes, protein-ligand interactions, and protein-protein interactions. The surface area values over the simulation were predicted with “gmx sasa” and the
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Fig. 5. Hydrogen bonds (H-bonds) are non-covalent interactions that play an essential role in the stabilization of protein-ligand interactions. The H-bond interactions were
estimated with “hbond” function of gromacs. Figures indicate the H-bond interactions between the protein and its respective ligands over the simulation time.

luteus and B. licheniformis and reporting the target protein and
potential drug candidates/ligands. The set of proteins screened in
the present study was compared to the previously published stud-
ies (Khan et al., 2020) on Bartonella bacilliformis, where only 100

proteins sequences out of 1097 proteins were excluded using the
same parameters as mentioned above. Khan et al, used the
Subtractive genomics approach towards the identification of
novel therapeutic targets against human Bartonella bacilliformis.
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Table 3
Energy values of different Complexes obtained during MD simulations.

Sl. No. Complex Binding free energy (Kcal/mol)
1 SOD_BACILLIBACTIN —30.522+/-28.764 k]/mol

2 SOD_PAENIBACTIN —53.739+/-39.348 kJ/mol

3 SOD_LICHENYSIN —128.070+/-13.610 kJ/mol

The primary goal of this study was to find new treatment targets
for B. bacilliformis subsp., and a subtractive genomic strategy
was used for the entire proteome by utilising multiple online data-
bases and computational tools. ‘ABC transporter permease’ and
‘Flagellar biosynthesis protein FIhA’ were found to be novel drug
targets of this study. Whereas, in another study (Uddin et al,
2018) applied similar approach for drug resistant Mycobacterium
tuberculosis (XDR KZN 605) and reported the identification of 41
out of 3993 protein sequences as paralogous sequences at a thresh-
old of 80%. The cut-off or threshold may vary in range from 40%
and go till 100% for clustering the sequences. However, there is
no specified - ideal cut off value. The choice of cut-off value
depends on many factors such as selection of set of data, number
of sequences and the purpose of application(Chen et al., 2016).
The genome sequence of Streptomyces sp. T676 was recently
obtained using antiSMASH, and 2 type I modular PKS gene clusters
were found (Lee et al., 2020).

Based on BLASTp results an inference can be made by observing
the results and number of protein sequences that the number of
non-homologous proteins solely depends on the diversity in pro-
tein sequences of screened or target organism. Fewer non-
homologous target proteins against human proteome can result
in choosing a novel protein or enzyme target in pathogens. Focused
analysis of subcellular proteins of extracellular which play crucial
roles in various biological processes and can serve as potential drug
targets. We report 15 proteins in extracellular space, out of which,
4 proteins associated with KO were considered. Reports from
(Khan et al., 2020) showed that 7 out of 114 essential proteins were
originated to be unique to pathogen pathways and those proteins
were used further in the identification of novel drug targets. Uddin
et al., reported that out of 129, only two proteins were successfully
passed in the KAAS server (Uddin et al., 2018). Only few pathogen
specific pathways, which are unique and play a crucial role in their
life cycle, can be identified among a pool of metabolic pathways.
This in turn, it can be employed in search of essential enzymes
or proteins involved in those pathways.

The molecular docking technique was effectively used to screen
the ligand molecules. Identified top three molecules Bacillibactin
(Chakraborty et al., 2022), Lichenysin (Rodrigues et al., 2006) and
Paenibactin (SUGANYA 2020) picked for MDS have been found to
play role in antibacterial activities. The role of Bacillibactin in the
antibacterial activity of Bacillus subtilis is indirect. By efficiently
sequestering iron from the environment, Bacillibactin can limit
the availability of iron for pathogenic bacteria, hindering their
growth and virulence (Lee et al., 2011). Iron limitation can have
detrimental effects on bacterial physiology, including the disrup-
tion of crucial cellular processes that require iron as a cofactor,
such as DNA synthesis and energy production (Consentino 2019).
From a therapeutic perspective, the study of paenibactin and other
siderophores has provided insights into potential strategies for
combating bacterial infections. Disrupting the iron acquisition sys-
tems of pathogenic bacteria, including their siderophore produc-
tion or iron uptake mechanisms, has been proposed as an
important target for the development of novel antimicrobial agents
(Benitez et al., 2012). By inhibiting the ability of bacteria to scav-
enge iron, it may be possible to limit their growth and reduce their
virulence. Lichenysin exhibits a range of biological activities,
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including antimicrobial, hemolytic, and surfactant properties
(Diaz et al., 2022). Its antimicrobial activity is particularly notable,
as it has been shown to inhibit the growth of various Gram-
positive bacteria and fungi. Lichenysin disrupts the integrity of
microbial cell membranes, leading to cell lysis and death (Ruiz
et al., 2017). Its diverse range of activities makes it an interesting
compound with potential applications in various fields, including
medicine, industry, and biotechnology.

RMSD values show that they converged within a simulation
time of 40 ns further conforming stable and well-equilibrated sys-
tem. It further demonstrated the complexes’ stability. The valida-
tion investigation adds to the evidence that ligands have a high
affinity for their respective protein molecules. RMSF values of
SOD_BAC, SOD_LIC & SOD_PAE complexes were found to deviate
in the residue ranges between 48 and 55 and 160-180 with refer-
ence to SOD crystal structure. However, none of the active site resi-
dues (60-160 residue range) has relatively higher fluctuation than
the SOD crystal structure. RMSF analysis demonstrates that ligands
Bacillibactin, Lichenysin and Paenibactin binding to protein
resulted in a stable association and did not cause any significant
changes in protein structure. The findings therefore provide a clear
proof of minimal changes in the protein’s conformational state.
However, the type of bound ligand will determine the extent of
deviation.

Rg-time fluctuations were maintained between 1.75 and 1.8 nm
and surface area in the range of 100 - 110 nm? for all the com-
plexes. The findings therefore provide a clear proof of minimal
changes in the protein’s conformational state. Hydrogen bonds
play a crucial role in molecular simulations as they are essential
for understanding the structure, dynamics, and interactions of bio-
molecules. In molecular simulations, hydrogen bonds are modeled
and analyzed based on the principles of molecular mechanics and
quantum mechanics. Total no of hydrogen bond contacts between
the ligands and the protein was analyzed for the complete duration
and it was observed that at every time frame minimum of 1 hydro-
gen bond interactions throughout the duration of 250 ns simula-
tion period. The MMPBSA analysis provided insights into the
strength and stability of biomolecular interactions of complexes
studied and to identify Bacillibactin as the probable candidate
molecule to arrest the activities of SOD. Overall, this research
may offer insightful information that could be used to design novel
SOD inhibitors for future drug discovery studies.

5. Conclusion

In this study, we employed subtractive genomics, a computa-
tional approach to identify unique or differentially expressed genes
in M. luteus compared to Homo sapiens. This subtractive genomics
approach provided valuable insights into the unique genetic fea-
tures of a M. luteus. The study resulted in the identification of
important extracellular protein SOD as a drug target. Then, the
genome mining approach was used to identify potential ligands
from B. licheniformis genomic data. This analysis resulted in identi-
fication of five important lead molecules against the SOD. Further,
we used molecular docking technique to predict and analyze the
binding interactions between these five ligands and the target pro-
tein SOD. These resulting protein-ligand complexes were further
subjected to MD simulation analysis to study the motions and
interactions of atoms and molecules over 250 ns time. The analysis
of MD simulations suggests Bacillibactin as the probable candidate
molecule to arrest the activities of SOD. Bacillibactin, being a side-
rophore, plays a significant role in bacterial iron acquisition and
can have implications in antimicrobial strategies. Bacillibactin
indirectly influences oxidative stress in bacteria by regulating iron
availability and its interaction with ROS. Understanding the
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interplay between bacillibactin, iron homeostasis, and oxidative
stress provides insights into bacterial survival mechanisms and
may offer potential targets for antimicrobial strategies aimed at
disrupting iron acquisition and oxidative stress management.
Future in-vivo studies would aid in the validation of the findings
of this study. Subtractive genomics can provide valuable insights
into the unique genetic features of an organism and molecular
docking and MD simulations techniques provides information that
can be validated through experiments.
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