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A B S T R A C T

Bacterial resistance to antibiotics and the number of patients infected by multi-drug-resistant bacteria have 
increased significantly over the past decade. This study follows a computational approach to identify potential 
antibacterial compounds from wild mushrooms. Twenty-six known compounds produced by wild mushrooms 
were docked to assess their affinity with drug targets of antibiotics such as penicillin-binding protein-1a (PBP1a), 
DNA gyrase, and isoleucyl-tRNA synthetase (ILERS). Docking scores were further validated by multiple receptor 
conformer (MRC)-based docking studies. Based on the MRC-based docking results, eight molecules were short-
listed for ADMET analysis. Molecular dynamics (MD) simulations were further performed to evaluate the 
conformational stability of the ligand-protein complexes. Binding energies were computed by the gmx_MMPBSA 
method. The data were obtained in terms of root-mean square deviation, and root-mean square fluctuation 
justified the stability of Austrocortilutein A, Austrocortirubin, and Confluentin in complex with several proteins 
under physiological conditions. Among these, Austrocortilutein A displayed better binding affinity with PBP1a 
and ILERS when compared with their respective reference ligands. This study is preliminary and aims to help 
drive the search for compounds that have the capacity to overcome the anti-microbial resistance of prevalent 
bacteria, using natural compounds produced by wild mushrooms. Further experimental validation is required to 
justify the clinical use of the studied compounds.

1. Introduction

Antibiotics are classified mainly according to their mechanism of 
action, which includes cell wall synthesis inhibitors, protein synthesis 
inhibitors, nucleic acids synthesis inhibitors, and antimetabolites [1]. 
Antibiotics exhibit their activity by inhibiting these pathways when 
interacting with the specific cell proteins responsible for specific actions 
[2]. Anti-microbial agents that act on the cell wall are supposed to be 

selective and provide a high therapeutic index. This group of antibiotics 
resists the synthesis of the peptidoglycan layer that ultimately leads to 
the lysis of the cell [3]. Different antibiotics of this group express their 
activity in various stages of peptidoglycan biosynthesis, such as in the 
cytoplasmic, membrane, and periplasmic space, while β-Lactams is 
active in the exterior portion of the cell stratum in the periplasmic space. 
These antibiotics have a β-lactam ring that interacts with 
penicillin-binding proteins (PBPs) and terminate their biological activity 
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[4]. Fosfomycin inhibits the conversion of enolpyruvate to intermediate 
uridine diphosphate-N-acetylglucosamine (UDP-NAG) in the membrane 
stage. D-cycloserine is a promising inhibitor of alanine racemase (Alr) 
and D-alanyl-D-alanine synthetase (Ddl) that engages in the cytoplasmic 
stage, ultimately inhibiting the assimilation of Ddl in 
UDP-N-acetylmuramic acid (UDP-NAMA) [5]. The PBP1a encoding gene 
has been identified to be crucial for the pathogenicity of group B strep-
tococcus [6]. It induces bacterial cell division by directly interacting with 
the multiprotein divisome complex [7], and mutations in PBP1a confer a 
greater level of resistance in S pneumoniae to the antibacterial action of 
penicillin [8]. Further, beta lactams such as penicillin and cephalospo-
rins exhibited PBP1a as a preferential target for antibacterial action [9]. 
Also, the median infectious dose (ID50) of many bacterial strains was 
lower for PBP1a than other PBPs [10], suggesting that it might be a 
suitable target for mitigating bacterial resistant to β-lactam antibiotics. 
Antibiotics inhibiting protein synthesis usually distress bacterial ribo-
somes through interactions with 30S and/or 50S subunits [11]. Mac-
rolides, chloramphenicol, and oxazolidones act in the 50S subunit, while 
aminoglycosides, tetracyclines, and nitrofuran bind the 30S subunit. 
Chloramphenicol exerts its activity by interfering with tRNA binding 

and inhibition of peptidyl transferase, thus resisting protein chain 
elongation [12,13]. Another antibiotic acting on protein synthesis is 
mupirocin, which terminate the activity of isoleucyl-tRNA synthetase 
(ILERS). The emergence of methicillin-resistant S. aureus (MRSA) strains 
poses challenges to antimicrobial therapy, and about 13.8 % of MRSA 
strains have also developed resistance to mupirocin, which acts by 
inhibiting isoleucyl-tRNA synthetase [14]. Isoleucyl-tRNA synthetase 
could be an excellent target to overcome such antimicrobial resistance, 
which is due to mutations in genes that induce alterations in the HIGH 
(His-Ile-Gly-His) motif, as well as by acquisition of a resistant gene (ileS 
gene) from DNA viruses [15]. Quinolones are synthetic anti-microbial 
compounds that interfere with DNA synthesis through the inhibition 
of DNA gyrase which induces negative supercoils to relieve the stress in 
the DNA helix during replication and transcription [16]. mRNA syn-
thesis is inhibited by Rifampicin which causes malfunctioning of RNA 
polymerase. Surprisingly, mutations in the DNA gyrase gene have 
resulted in an alarming increase in fluoroquinolone resistance among 
Enterobacteriaceae [17], revealing DNA gyrase as a novel target for 
antimicrobial drugs.

Antibiotic resistance has become a global health issue, and diseases 
induced by multidrug-resistant bacteria are rising alarmingly Conse-
quently, antibiotic resistance is recognized as a critical global health 

Table 1 
Grid coordinates of the box used for blind docking of compounds on 3TTZ, 
3UDX, and 1JZS proteins.

3TTZ 3UDX 1JZS

Center 
(Å)

Box Size 
(Å)

Center (Å) Box Size 
(Å)

Center (Å) Box Size 
(Å)

x = 11.23 x = 55.58 x =
− 32.66

x = 95.27 x =
− 24.35

x = 105.33

y = 11.52 y = 52.94 y = 46.01 y = 138.70 y = 4.85 y = 81.05
z = 21.55 z = 59.10 z = − 7.46 z = 79.08 z =

− 20.82
z = 119.92

Fig. 1. The superimposed representation of the native inhibitors in the crystal (green) and virtually docked (red) form. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Identification of an allosteric binding site in 1JZS by (a) PARS, (b) PASSER, and (c) Prank web servers.

Table 2 
Docking score of the native crystal ligands attached to the target proteins. The 
scores were set as cut-offs for the respective proteins with respect to selection of 
anti-microbial agents.

Native crystal ligands Protein PDB ID Docking score (Kcal/mol)

IM2 3UDX − 6.2
07 N 3TTZ − 6.8
MRC 1JZS − 6.7
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crisis which threatens the effectiveness of antibiotics and other antimi-
crobial drugs in treating bacterial infections [18]. In Europe alone, about 
25,000 people die due to multidrug-resistant bacterial infections. On the 
other hand, in America, nearly 2 million people are affected, with 
around 23,000 mortalities [19]. Due to this emerging problem, it is 
essential to search for new antibiotics from natural sources that could act 

alone and in combination with existing drugs to enhance their efficacy 
and reduce the development of resistance to antimicrobial agents. 
Mushrooms contain diverse bioactive compounds and have a long his-
tory of traditional use to combat infections, cleanse the blood, restore 
the liver, expel kidney stones, prevent and heal cancers, among other 
indications, and are recognized also by modern science as a good source 
of potent anti-microbial agents [20,21]. It is intriguing that various 
extracts from G. lucidum mycelia exhibited antimicrobial activity 
against E. coli, P. aeruginosa, S. aureus, and S. pyogenes [22]. Addition-
ally, the ethanolic and aqueous extracts from the fruiting bodies of 

Table 3 
Docking score of 26 anti-microbial agents from a wild mushroom with three 
different target proteins. Yellow indicates similar binding affinity, red indicates 
lower binding affinity, and green indicates higher binding affinity of the 
compounds compared with the reference ligands. Only green-colored mole-
cules were shortlisted.

Table 4 
MRC docking of ligands with PBP1a.

Table 5 
MRC docking of ligands with DNA gyrase.
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P. ostreatus demonstrate antimicrobial activity against S. aureus and 
E. coli [23]. However, the action mechanisms of mushroom compounds 
are not clear and require further investigation [24]. The research re-
ported here aims to contribute to our understanding of the action 
mechanisms of a few selected species of mushrooms and help us identify 
antibacterial compounds in these mushrooms. For this purpose, we 
applied a computer-aided drug design (CADD) approach, including 
molecular docking, multiple receptor conformer (MRC) based docking, 
drug-likeness and ADMET analysis, as well analysis of drug interactions 
with target proteins, further supported by MD simulation analysis. A 
classical MD was employed to investigate the dynamic behavior and 
stability of protein-ligand complexes over time. Classical MD is a 
well-established method that treats atoms and molecules as classical 
particles, using force fields to describe interactions such as bond lengths, 
angles, and van der Waals forces [25]. This approach is highly efficient, 
allowing for the simulation of large biomolecular systems on extended 
time scales, making it ideal for understanding processes like 
protein-ligand binding and conformational changes [26,27]. However, 
while classical MD is effective for studying dynamic processes, it does 
not capture the quantum-level electronic interactions within a system, 
which can be addressed through Density Functional Tight Binding 
(DFTB) methods. Recent studies have demonstrated that DFTB can offer 
more precise predictions of binding energies and molecular interactions 
at the quantum level, surpassing the capabilities of classical MD in this 
respect [28,29]. Despite these advantages, classical MD remains a 

valuable tool for exploring molecular interactions in larger systems over 
longer periods, as it allows for extensive sampling of molecular motions 
that are important for understanding how proteins interact with ligands 
over time [30,31].

2. Material and methods

2.1. Selection of proteins

The target protein structures PDB: 3UDX (X-ray structure, 2.50 Å) for 
penicillin-binding protein 1a (PBP1a) of Acinetobacter baumannii, PDB: 
3TTZ (X-ray structure, 1.63 Å) for DNA gyrase of Staphylococcus aureus, 
and PDB: 1JZS (X-ray structure, 2.50 Å) for isoleucyl-tRNA synthetase 
(ILERS) of Thermus thermophilus were selected from the RCSB database 
(https://www.rcsb.org/). PBP1a is involved in cell wall synthesis, DNA 
gyrase in nucleic acid, and ILERS in protein synthesis. Although 
T. thermophilus is not a pathogenic bacterium but mupirocin which is 
present as a co-crystal in PDB: 1JZS, it is a selective inhibitor of the 
archaeal and eubacterial ILERS but not the eukaryotic enzymes. 
Mupirocin is used in clinics to treat methicillin-resistant Staphylococcus 
aureus infections. As the binding pocket and interacting residues are 
conserved in T. thermophilus and pathogenic eubacteria, we used its 
crystal structure as available in the Protein DataBase [32]. No other 
mupirocin-bound suitable structure from a pathogenic bacterium is 
available from PDB.

2.2. Preparation of proteins

The crystal structure of proteins with PDB IDs 3UDX, 3TTZ, and 1JZS
were retrieved from the RCSB protein databank (PDB) [33]. All the 
proteins were prepared by removing attached crystallographic water, 
heteroatoms, and ligands using PyMOL [34]. PDB:3TTZ and PDB:3UDX 
had missing loops with more than 30 amino acids which were difficult to 
model as most software that can add missing loops can do so reliably 
only for small gaps, maximally up to 15–20 amino acids. Moreover, the 
missing loop region is not falling within the active site used for docking, 
nor does it contribute to the docking pocket surface and was therefore 
ignored. Polar hydrogens and Gasteiger charges were added by 
AutoDockTools-1.5.6 [35]. The titratable amino acids in the target 
proteins were protonated to be suitable for pH 7.4. The output files were 
saved in the PDBQT format required for molecular docking.

2.3. Preparation of ligands

Twenty-six compounds from wild mushrooms predicted to have anti- 
microbial properties were selected as ligands [21]. Their 3D structures 
were downloaded in SDF format from the NCBI PubChem database [36] 
and converted to PDB format using PyMOL. The ligands were protonated 
to be suitable for pH 7.4, and energy minimizations of these ligands were 
done by AutoDockTools-1.5.6 and saved in PDBQT format for docking 
[37].

2.4. Molecular docking

To investigate the affinity of the ligands, blind molecular docking 
was done for all the compounds using AutoDock Vina [38]. The grid 
coordinates, as listed in Table 1, were used for all three target proteins to 
cover the entire protein during blind docking. The exhaustiveness 
parameter was set to 100. The blind docking was carried out to check if 
the selected molecules have higher binding affinity to the possible 
allosteric sites in the proteins, other than the active sites. Moreover, the 
reference ligand present in the crystal structure of each protein was also 
re-docked with the target protein, and their binding affinity was taken as 
a standard to select the potent molecules having higher binding affinity 
than the reference ligands.

Table 6 
MRC docking of ligands with ILERS.
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2.5. Multiple receptor conformer (MRC) based docking

To further validate the docking score, MRC-based docking was car-
ried out on the different crystal structures of the target proteins from the 
same species for those compounds that were shortlisted after single 
target molecular docking. This was done to validate the interaction of 
the selected leads with target proteins of different conformations and to 
consider the inherent plasticity of the target proteins while performing 
molecular docking [39]. For this purpose, four crystal structures of 
PBP1a, four crystal structures of DNA gyrase, and another two crystal 
structures of ILERS were retrieved from the RCSB database. Crystal 
structures with ID(s) PDB:3UDF, PDB:3UDI, PDB:3UE0, and PDB:3UE1
were selected for PBP1a, PDB:3RAD, PDB:3RAF, PDB:4KOE, and 
PDB:4Z4Q for DNA gyrase, and PDB:1JZQ, and PDB:1OBH for ILERS 
were taken. After MRC docking, molecules were selected based on the 
specific cut-off values of re-docked reference molecules.

2.6. Drug-likeness and AMDET analysis

The properties of absorption, distribution, metabolism, excretion, 
and toxicity (ADMET) play an essential role in the drug discovery pro-
cess, and the study of ADMET characteristics is an important tool in 
determining the in vivo pharmacokinetic properties of medicinal com-
pounds. According to existing research, about 60 % of reported prom-
ising leads are excluded from clinical trials due to undesirable ADMET 
characteristics [40]. In this part of the study, physicochemical properties 
such as hydrogen bond acceptor, hydrogen bond donor, TPSA, lip-
ophilicity, and water solubility (LogS) were assessed using Lipinski’s 
rule of five, and pharmacokinetic parameters such as Blood-Brain Bar-
rier (BBB) permeant, Human Intestinal absorption (HIA), Pgp substrate, 
and others were considered. Furthermore, various critical toxicity 
indices were assessed, such as acute oral toxicity, carcinogenicity, and 
AMES toxicity. The ADMET characteristics were investigated using the 
admetSAR web server [41].

Table 7 
Drug-likeness properties of molecules.
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2.7. Superimposition of the co-crystal ligand with the docked ligand 
images

Superimposition of the co-crystal ligand with the docked ligand 
images was done using PyMol to visualize the deviation in docked pose 
of the co-crystal ligand from its experimentally determined binding pose 
and to validate the docking algorithm.

2.8. Binding interaction analysis

The docked views of the selected ligands with target proteins were 
analyzed using BIOVIA Discovery Studio 2019 [42]. The compounds 
Austrocortilutein A, Austrocortirubin, and Confluentin, in complex with 
their corresponding target proteins shown in Table 9, were further 
subjected to molecular dynamics simulations. The selection of com-
pounds was based on their docking results, interactions with the active 
site residues, and AMDET filtering.

2.9. Molecular dynamics simulations

The molecular dynamics simulations for all three target proteins 
(PDB: 3UDX, 3TTZ, and 1JZS), alone and in combination with the 
screened and co-crystalized ligand molecules, were performed using 
LiGRO [43], a GUI based program for preparing systems for MD simu-
lations, using GROMACS 5.1.5 package [44]. The system was solvated 
using the transferable intermolecular potential water molecules (TIP3P) 
model in a cubic box with the distance of each protein atom with the box 
edges being 1.5 nm, and periodic boundary conditions were used. The 
Amber FF99sb forcefield was used, and the system was neutralized with 

0.15 M NaCl. The Amber FF99sb forcefield was used as it is extensively 
tested and validated against the NMR measurements, compatible with 
popular TIP3P water model, computationally efficient and widely used 
forcefield [45–47]. The General Amber Force Field (GAFF) and Ante 
Chamber PYthon Parser interfacE (ACPYPE) [48] tools were then used 
to define the parameters of the screened ligands. This system was 
equilibrated for 1ns each under the NVT ensemble at 310.15K and under 
the NPT ensemble at 1.01 bar using the modified Berendson thermostat 
and Parinello-Rehman barostat, respectively. The MD production for 
each system was run for 100ns at 310.15K and 1.01 bar. All the bonds 
with hydrogen atoms were constrained using the LINCS algorithm, and 
the electrostatic interactions were corrected by the Particle Mesh Ewald 
(PME) method. The integration time of 2fs was used, and the frames 
were stored after every 10ps. All the trajectories were visualized and 
analyzed using VMD, Chimera, and standard GROMACS tools. The 
binding free energy was calculated using gmx_MMPBSA software [49]. 
The MMGBSA calculations were performed for each complex using 100 
frames isolated from the metastable region of 90–100ns of the trajec-
tories. The GBOBC2 model (igb = 5) was chosen for MMGBSA calcula-
tions along with the internal dielectric constant value of 1. The total 
enthalpic contributions were estimated, including electrostatic, VDW, 
SASA, and polar solvation energies. The binding free energy contribu-
tions of respective positive control molecules were compared with the 
test molecules [49].

3. Results

3.1. Molecular docking

Fig. 1 shows the superimposed representation of crystal (green) and 
docked (orange) poses of co-crystallized inhibitor with RMSD less than 
2 Å, which is generally acceptable [50]. The allosteric site in 1JZS was 
identified by different webservers (Fig. 2). Austrocortilutein A was 
found to be binding to the allosteric site of 1JZS (Fig. 2a). Docking scores 
of the reference ligands as well as the anti-microbial agents are given in 
Tables 2 and 3 respectively. Only the molecules exhibiting higher 
binding affinity (shown in green in Table 3) were selected for further 

Table 8 
ADMET properties of the selected molecules.

Table 9 
List of screened molecules subjected to MD simulations with the target proteins.

Screened molecules Target Proteins
Austrocortilutein A 3UDX 3TTZ 1JZS
Austrocortirubin —— 3TTZ ——
Confluentin 3UDX —— ——
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studies.
For ILERS (PDB ID 1JZS), Austrocortilutein A was docked at an 

allosteric site, as predicted by the different webservers (Fig. 2). The 
residues lined by the allosteric cavity include Glu15, Leu18, Trp21, 
Lys22, Lys23, Lys25, Phe27, Gln28, Trp84, Glu127, Glu131, Thr134, 
Glu135, Tyr139, Trp140, Val141, Asp142, Leu143, and Glu144. Aus-
trocortilutein A formed two conventional hydrogen bonds with Gln28 
and Leu143, a C–H bond with Asp142, and multiple van der Waals in-
teractions with residues Trp21, Lys22, Ile26, Glu131, Thr134, Glu135, 
Val141, along with π-alkyl and π-π T-shaped interactions with residues 
Lys25 and Phe27 respectively that might attune the activity of the 
protein by the allosteric modulations. The.

4. Multiple receptor conformer (MRC)-Based docking

In the MRC docking, the cut-off value was set to − 7.0 kcal/mol for 
each group of proteins, and molecules having equal or higher binding 
capability with all the proteins of each group were selected, as shown in 
Tables 4–6. Table 4 shows Austrocortilutein A, Confluentin, Ellagic acid, 
Emodin, Physcion, and Quercetin were shortlisted for PBP1a protein 

because of compliance with the decided cut-off score criteria. In the case 
of DNA gyrase, as shown in Table 5, Austrocortilutein A, Austro-
cortirubin, Ellagic acid, Physcion, and Quercetin were selected as they 
showed an equal or higher binding affinity for all the proteins associated 
with DNA gyrase. Finally, for ILERS, Austrocortirubin, Ellagic acid, 
Emodin, Erythroglaucin, Physcion, and Quercetin were taken as they 
fulfilled the required cut-off criteria, as shown in Table 6. After merging 
the result of MRC-based docking, Austrocortilutein A, Austrocortirubin, 
Confluentin, Ellagic acid, Emodin, Erythroglaucin, Physcion, and 
Quercetin molecules were considered for further screening.

4.1. Drug likeness and ADMET Filtration

Drug likeness and ADMET properties of the selected molecules are 
given in Tables 7 and 8. According to Lipinski’s rule of five, a molecule 
should have molecular weight ≤500, several hydrogen bond donors ≤5, 
a number of hydrogen bond acceptors ≤10, lipophilicity LogP ≤5, and a 
TPSA of no more than 140. Based on these values, Ellagic acid was 
withdrawn from the list due to its higher TPSA value, indicative of poor 
cell permeation ability (Table 7). The rest of the molecules had values in 

Fig. 3. Docked surface view representation of native crystal inhibitors (green) and Austrocortilutein A (orange) with (a) 1JZS, (b) 3UDX, (c) 3TTZ, and Austro-
cortirubin (orange) with (d) 3TTZ and Confluentin with (e) 3UDX. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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the desirable range and were selected for further study.
ADMET analysis of the selected compounds reveal that all the mol-

ecules had the capability to cross the BBB except for Austrocortilutein A 
and Austrocortirubin. All of them can be absorbed from the intestine. 
Table 7 reveals that none of the compounds act as substrates for CYP2C9 
or CYP2D6. However, Emodin, Erythroglaucin, and Quercetin inhibit 
CYP2C9, while the other compounds do not. Regarding CYP3A4, Aus-
trocortilutein A, Austrocortirubin, and Confluentin are substrates, but 
none of the compounds inhibit this enzyme. Interestingly, all com-
pounds inhibit CYP1A2, indicating a common inhibitory effect on this 
enzyme. Additionally, Austrocortilutein A and Confluentin inhibit 
CYP2C19, whereas the other compounds show no such inhibition. This 
suggests that while interactions with CYP2C9 and CYP2C19 are specific 

to a few compounds, CYP1A2 inhibition is a shared feature across all 
compounds. Additionally, Emodin, Erythroglaucin, Physcion, and 
Quercetin demonstrated AMES toxicity, leading to their exclusion from 
further studies.

4.2. Binding interaction

The docked pose and binding interactions of the three selected 
molecules, namely Austrocortilutein A, Austrocortirubin, and Con-
fluentin, with different groups of proteins, are shown in Figs. 3 and 4. 
Austrocortilutein A interacts with the glycosyl transfer (TG) domain of 
PBP1a [51] through hydrogen bonding, van der Waals interaction, and 
other hydrophobic interactions. Arg198, Glu201, and Arg202 residues 

Fig. 4. 2D illustration of interaction of Austrocortilutein A with (a) 1JZS, (b) 3UDX, (c) 3TTZ, Austrocortirubin with (d) 3TTZ, and Confluentin with (e)3UDX.
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form a conventional hydrogen bond with Austrocortilutein A, while 
forming hydrophobic interactions with Lys185, Tyr190 and Trp205. The 
other screened molecule, Confluentin, interacts with the interdomain 
loops of the TP domain, OB domain, and the linker between the TG and 
TP domains. It forms a conventional hydrogen bond with Tyr415, 
π-anion interaction with Glu281, alkyl, and π-alkyl/σ interactions with 
Pro243, Tyr244 and Tyr418. It also forms van der Waals contacts with 
Asn240, Lys282, Gln285, Ala312, Tyr313, Ala314, Asn416, and Phe417. 
The binding of Confluentin at the interdomain junction could modulate 
the movement of these domains and, in turn, inhibit the function of this 
target protein [51].

For the ATP binding domain of DNA Gyrase B (PDB ID 3TTZ), the 
critical active site residues include Asp81, Arg84, Gly85, Arg144, and 
Thr173 [52]. Both Austrocortilutein A and Austrocortirubin interact 

with the crucial active site residues. Austrocortilutein A forms one 
conventional hydrogen bond with Asp81 and one carbon-hydrogen 
bond with Ser129. van der Waals interactions were established with 
Asn54, Ser55, Glu58, Gly83, Arg84, Gly85, Leu103, Ser128, Val130, 
Thr173, and Ile175. However, alkyl/pi-alkyl interactions were afforded 
by Ile86 and Ile102 residues. For Austrocortirubin, a conventional 
hydrogen bond forms with Arg84, along with hydrophobic interactions 
with residues Asn54, Ser55, Asp81, Gly83, Gly85, Ile102, Arg144, and 
Thr173, a Pi-anion interaction with Glu58 and alkyl/pi-alkyl interaction 
with the residues Ile86 and Pro87 of 3TTZ. These interactions of Aus-
trocortilutein A and Austrocortirubin with the active site residues of 
DNA Gyrase B suggest their probable inhibitory potential, making them 
suitable candidates for further exploration as antibacterial compounds.

Fig. 5. Molecular dynamics (MD) simulation trajectory analysis of 3UDX-ligand complexes, (A) RMSD, (B) Radius of Gyration, and (C) RMSF and (D) Hydrogen 
Bonds. (Note: IM2 refers to the co-crystal ligand of 3UDX).
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4.3. Molecular dynamics simulation

The molecular dynamics simulations for Austrocortilutein A, Aus-
trocortirubin, and Confluentin in complex with their respective target 
proteins were carried out. The systems were well equilibrated and 
simulated for 100 ns each, during which they showed the converged 
metastable states. The results are shown in Table 9. The RMSD of all the 
3UDX-ligand systems gradually reached equilibrium within 5 ns and 
remained stable after that (Fig. 5A). The 3UDX-IM2 complex, which 
showed the movement of the TG domain towards the TP domain of 
3UDX, led to structure compaction, as evidenced by the radius of gy-
ration (Fig. 5B). The RMSF of critical residues were significantly higher 
in the 3UDX-IM2 complex as compared to 3UDX alone and when in 
complex with Austrocortilutein A. IM2 formed 3–9 hydrogen bonds with 

3UDX while Austrocortilutein A formed 1–3 hydrogen bonds with 3UDX 
throughout the trajectory. The dominant interactions of IM2 with 3UDX 
were electrostatic interactions, while in the case of Austrocortilutein A, 
hydrophobic interactions with 3UDX were dominant. IM2 showed better 
binding energy (− 51.886 kcal/mol) than Austrocortilutein A 
(− 18.8146 kcal/mol), with 3UDX. Confluentin remained bound within 
the docked cavity until 30 ns, after which it became unstable and exited 
the pocket due to reduced affinity with the binding site residues of 
3UDX. Therefore, further analysis was not carried out.

RMSD of all the 3TTZ-ligand systems gradually increased from 0 to 1 
ns and remained stable throughout the trajectory. No significant change 
was seen in the RMSF of critical residues compared between free and 
ligand complexed 3TTZ. Reference ligand 07 N formed 1–2 hydrogen 
bonds, while Austrocortilutein A and Austrocortirubin formed 3–4 

Fig. 6. Molecular dynamics (MD) simulation trajectory analysis of 3TTZ-ligand complexes, (A) RMSD, (B) Radius of Gyration, and (C) RMSF and (D) Hydrogen 
Bonds. (Note: 07 N refers to the co-crystal ligand of 3TTZ).
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hydrogen bonds with 3TTZ throughout the trajectory. Austrocortilutein 
A (− 25.5706 kcal/mol) showed a better binding affinity with 3TTZ, 
followed by Austrocortirubin (− 17.2364 kcal/mol) and 07 N (− 8.4081 
kcal/mol) (Fig. 6).

RMSD of all the free and ligand complexed 1JZS increased gradually 
from 0 to 2 ns and then remained stable throughout the trajectory with 
slight fluctuations. The RMSF of C-terminal loop residues in free and 
ligand complexed 1JZS was significantly higher than the N-terminal 
loop residues. The complex of Austrocortilutein A with 1JZS showed 
slightly higher RMSF in some domains of 1JZS compared to the free 
1JZS protein. The reference ligand MRC formed up to 10 hydrogen 
bonds with 1JZS, while Austrocortilutein A formed up to 5 hydrogen 
bonds with 1JZS throughout the trajectory. MRC showed better binding 

affinity (− 71.1259 kcal/mol) with 1JZS than Austrocortilutein A 
(− 16.6642 kcal/mol) (Fig. 7).

5. Discussion

Docking scores of the native ligands and the anti-microbial agents 
are given in Tables 2 and 3, respectively. In the case of 3UDX, the 
standard ligand was IM2, with an affinity of − 6.2 kcal/mol. Based on 
this score, 2-Aminoquinoline, Austrocortilutein A, Austrocortirubin, 
Chlorogenic acid, Cinammic, Coloratin A, Confluentin, Ellagic acid, 
Emodin, Erythroglaucin, Grifolin, Physcion, Quercetin, and Tor-
osachrysone were selected as they had a higher binding affinity. The rest 
of the compounds were withdrawn due to their similar or lower binding 

Fig. 7. Molecular dynamics (MD) simulation trajectory analysis of 1JZS-ligand complexes, (A) RMSD, (B) Radius of Gyration, and (C) RMSF and (D) Hydrogen 
Bonds. (Note: MRC refers to the co-crystal ligand of 1JZS).
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affinity compared to the co-crystallized ligand. For native ligand 07 N in 
3TTZ, the docking score was − 6.8 kcal/mol, and Austrocortilutein A, 
Austrocortirubin, Chlorogenic acid, Coloratin A, Confluentin, Ellagic 
acid, Emodin, Erythroglaucin, Grifolin, Ganomycin B, Physcion, Quer-
cetin, and Torosachrysone were selected. Finally, − 6.7 kcal/mol was set 
as the cut-off score for 1JZS, and Austrocortilutein A, Austrocortirubin, 
Chlorogenic acid, Coloratin A, Confluentin, Cinammic, Ellagic acid, 
Emodin, Erythroglaucin, Grifolin, Physcion, Quercetin, and Tor-
osachrysone were selected. All these molecules were then subjected to 
further screening.

MRC-based docking procedure helps to understand receptor flexi-
bility. According to this method, receptor flexibility can generate dif-
ferences in binding affinity and binding interaction. It also helps us 

know about the residues that interact most with the ligand and are 
crucial for forming the drug-receptor complex [53]. Since the crystal 
structures represent the snapshots of the protein conformation captured 
at the time of X-ray diffraction, multiple crystal structures of the same 
protein were used in MRC-based docking to ensure that different con-
formations of the target proteins are taken into account.

Drug-likeness parameters play an essential role in drug discovery and 
development. Molecular weight (MW) and topological polar surface 
area (TPSA) affect the drug permeability across the cell membrane. The 
lipophilicity of drugs is represented by LogP, which affects the absorp-
tion of drugs. A higher value of LogP indicates minimal absorption of the 
drug. LogS expresses the solubility of the drug, the range being as fol-
lows; insoluble < -10; poorly soluble < -6; moderately soluble < -4; 

Fig. 8. The end-state binding free-energy calculations of the screened and co-crystal ligands with the target proteins (a) 3UDX, (B) 3TTZ and (C) 1JZS.
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soluble < -2; very soluble <0; highly soluble. Hydrogen bond acceptor 
(HBA) and hydrogen bond donor (HBD) are supposed to take part in 
moving the drug substance across the cell membrane. The number of 
rotatable bonds (RB) is associated with oral bioavailability, and mole-
cules with less than ten rotatable bonds are preferred [54–56]. None of 
the selected compounds inhibited enzymes of the Cyt P450 family. The 
inhibition of any of these enzymes indicates a higher chance of 
drug-drug interaction as it causes problems in the biodegradation and 
excretion of the drug [57,58].

Pgp in the membrane is associated with the movement of the drug 
inside the cell, and inhibition of it may hinder the movement [59]. 
AMES test concerns cancer, and a positive AMES test is associated with 
mutations indicating that the molecule can act as a carcinogen [60]. 
Acute oral toxicity indicates adverse effects of a drug that might be 
induced after taking single or multiple doses of the drug orally within 
24h. According to this toxicity index, toxic levels I & II may be fatal, 
level III may be toxic, and levels IV & V may be harmful if a drug is taken 
orally (CDER 1996). After considering these factors, Emodin, Eryth-
roglaucin, Physcion, and Quercetin were withdrawn from the list as all 
these four molecules showed positive AMES toxicity, implying a muta-
genic potential. There is high but not complete correspondence between 
the mutagenicity in the AMES test and the carcinogenicity of compounds 
in animals. Not all mutations lead to cancer, as the site of the mutation is 
crucial, and the effect of mutations in the non-coding regions of the 
genome is most often non-detrimental.

Moreover, Erythroglaucin, Physcion, and Quercetin also showed 
acute oral toxicity level II, which means they may be harmful if taken 
orally. Finally, Austrocortilutein A, Austrocortirubin, and Confluentin 
were shortlisted as their ADMET properties were satisfactory. Although 
these three molecules are inhibitors of CYP450 1A2 and Austro-
cortilutein A and Confluentin are inhibitors of CYP450 2C19, there is a 
possibility of inducing drug-drug interaction if taken with another drug. 
The inhibition of CYP450 enzymes significantly impacts the develop-
ment of drugs by altering drug metabolism, pharmacokinetics, and 
therapeutic efficacy [61]. Inhibition may elevate plasma drug concen-
trations, thereby increasing toxicity risk and modifying therapeutic 
benefits, especially for medications with narrow therapeutic indices. 
Finding possible CYP450 interactions early in the drug development 
process leads to better screening and dosage adjustments [62]. For drug 
approval, regulatory bodies require a full assessment of these in-
teractions. The suppression of CYP450 may lead to significant adverse 
drug responses, particularly in individuals receiving multiple medicines 
[63].

Various multi-drug-resistant strains of A. baumannii have been re-
ported to be resistant even to newer classes of antibiotics, such as imi-
penem, which create a need to find more potent analogs of currently 
used antibiotics or novel scaffolds to overcome their anti-microbial 
resistance. Mahmoud et al. [64] have designed various potent analogs 
of imipenem against the PBP1a protein of A. baumannii. In our study, we 
tried to target the PBPs group of proteins (PDB: 3UDX), and observed 
that Austrocortilutein A binds to the trans-glycosylase (TG) domain of 
PBP1a which catalyzes the first step of peptidoglycan synthesis, i.e., 
polymerization of glycan chains [51]. PBP1a consists of three domains: 
N terminus glycosyl transfer domain linked to a central transpeptidase 
(TP) domain through an interdomain linker region and a small C-ter-
minal domain. The TG domains of PBPs play an essential role in resis-
tance against cell-wall targeting antibiotics, and Austrocortilutein A 
may act as an inhibitor of the TG activity of PBP1a. Austrocortilutein A 
binds with the TG domain through hydrogen bonding, van der Waals, 
and hydrophobic interactions with multiple residues, making it a po-
tential anti-PBP1a lead [51,65].

The critical active site residues for the ATP binding domain of DNA 
Gyrase B include Asp81, Arg84, Gly85, Arg144, and Thr173 [52]. In our 
study, Austrocortilutein A and Austrocortirubin interacted with the 
crucial active site residues suggesting the potential applicability of both 
these molecules as DNA gyrase B inhibitors, and a similar recent study 

also revealed that multiple analogs of ciprofloxacin bind effectively at 
the active site of DNA gyrase of S. aureus [53]. As per the MDS data, all 
the 3UDX-ligand systems gradually reached equilibrium within 5 ns and 
remained stable thereafter. In the case of Austrocortilutein A, 1–3 
hydrogen bonds were formed throughout the trajectory while hydro-
phobic interactions with 3UDX were dominant. The reference ligand 
IM2 showed better binding energy and stability than Austrocortilutein A 
with 3UDX; (Fig. 8A). Confluentin remained bound in the docking cavity 
only for 30 ns and then came out of the pocket and was therefore 
rejected. These results further support the notion that judging the sta-
bility of protein-ligand complex based on only the docking scores might 
be inaccurate and validation by molecular dynamics simulation is 
essential.

The MDS results from 3TTZ-ligand systems are encouraging. The 
reference ligand 07 N formed 1–2 hydrogen bonds, while Austro-
cortilutein A and Austrocortirubin formed 3–4 hydrogen bonds with 
3TTZ throughout the trajectory. Also, Austrocortilutein A and Austro-
cortirubin exhibited significantly lower binding energies than 07 N 
(Fig. 8B). The reference ligand MRC formed up to 10 hydrogen bonds 
and exhibited better binding affinity with 1JZS, while Austrocortilutein 
A formed up to 5 hydrogen bonds throughout the trajectory, with 
binding affinity significantly lower than MRC (Fig. 8C). The results of 
the present work show that in case of the PBP1a and isoleucyl-tRNA 
synthetase, the lead compound Austrocortilutein A exhibited lower 
binding affinity than their respective reference ligands IM2 and MRC, 
but the interaction is stable with multiple hydrogen bonds and hydro-
phobic interactions. Austrocortilutein A and Austrocortirubin demon-
strated better interaction dynamics with DNA gyrase B than the 
reference ligand. Our results suggest that both lead molecules are worth 
exploring further in in vitro validations.

In the field of drug discovery, the role of medicinal plants and other 
natural compounds is undeniable. Mushrooms with medicinal properties 
have been demonstrated to have various pharmacological activities, 
such as antiallergic, anti-inflammatory, anti-microbial, antioxidative, 
anti-depressive, GI restoring, antidiabetic, properties as well as being 
protective for the liver, nervous system, kidneys, bones, etc. Mycother-
apy is seen as an expanding field as there are a growing number of 
studies on the pharmacological potential of the bioactive compounds 
derived from mushrooms [66,67]. In this research, anti-microbial 
compounds from mushrooms were computationally evaluated for their 
binding against the target proteins associated with anti-microbial 
resistance. After molecular docking and multiple receptor-based dock-
ings, Austrocortilutein A, Austrocortirubin, Confluentin, Ellagic acid, 
Emodin, Erythroglaucin, Physcion, and Quercetin molecules were 
shortlisted. Considering the safety factors, the remaining molecules 
were filtered according to Lipinski’s rule of five, and AMDET properties, 
after which Austrocortilutein A, Austrocortirubin, and Confluentin were 
selected. The metastability of Austrocortilutein A and Austrocortirubin 
on the target proteins as evaluated by the molecular dynamics simula-
tions and MMGBSA calculations suggest that these molecules are 
promising leads and may be further validated.

6. Conclusions

In this study, Austrocortilutein A exhibited good binding affinity in 
both molecular docking and MRC-based docking to all the groups of 
target proteins, viz., PBPs, DNA gyrase, and ILERS. At the same time, 
Austrocortirubin showed a good binding affinity with the DNA gyrase 
group. Since resistance to natural compounds generally develops slowly, 
and as shown in MD simulation studies, their stable binding within the 
binding pockets makes them promising candidates. Both Austro-
cortilutein A and Austrocortirubin performed better than the positive 
control against DNA Gyrase B. However, for PBP1a and Isoleucyl-tRNA 
synthetase, the positive control ligands exhibited better binding affinity, 
leaving room for further modifications to enhance the potency and 
selectivity of these mushroom-derived lead compounds. However, 
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translating computational findings into real-world applications comes 
with several challenges. Computational models, while useful, may not 
fully account for the complexity of biological systems, such as protein 
flexibility, solvent interactions, and post-translational modifications, 
which can lead to discrepancies between in-silico predictions and actual 
in vivo behavior. Additionally, important factors like bioavailability, 
toxicity, and pharmacokinetics often require experimental validation, as 
they are difficult to predict accurately through computational methods 
alone. Therefore, both in vitro and in vivo experiments are required to 
validate the predictions made through this study.
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