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Abstract: As antibiotic resistance is becoming a more serious issue, eliminating essential nutrients from
the microenvironment of pathogens, thereby diminishing their growth, would be an effective alternative
to widely used antibiotics. Inhibition of iron sequestration in bacteria is one of the alternative
antibacterial strategies. As bacteria use siderophores, small molecules that chelate iron from host
proteins for iron sequestration, inhibition of siderophore biosynthesis and transport would be a
promising way of finding an alternative to the antibiotics. The objective of the current work was to
screen for natural metabolites as potential binders of selected drug targets involved in iron acquisition
in E. coli. Isochorismate synthase (ICS), an enzyme involved in siderophore biosynthesis, enterobactin,
and a membrane protein FepA transports enterobactin-Fe complex into bacterial cells, were chosen as
drug targets. Forty-three marine metabolites and 87 plant metabolites were screened in silico, as
inhibitors for the selected drug targets. Three marine metabolites viz. Plakorstatin B (-8.76)
laurenditerpenol (-8.44), isogranulatimide (-8.39) and, and two plant metabolites: quercetin (-7.97) from
Withania somnifera and vomifoliol (-7.96) from Morinda citrifolia were the top-binders for ICS, and
further analysis indicated that these compounds interact with the same amino acids that are interacting
with the natural ligand of ICS. Withanolide D (-12.61) from W. somnifera, rubiadin (-12.25), and
daucosterol (-11.87) from M. citrifolia, and two marine metabolites: bistramide A (-11.8) and
isogeoditin A (-11.56) were found to be the top-binders for FepA. These compounds could act as lead
molecules for the design and development of effective siderophore inhibitors, thereby controlling the
growth of microbial pathogens.
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1. Introduction

Host-microbe interaction is a never-ending hide-and-seek game. Though the host has
been evolving with novel defense mechanisms, the same way, microorganisms have been
evolving with strategies to become resistant to antibiotics. Antibiotic resistance is developed
by various means such as selection, mutation, and transduction, while microbial resistance can
either be inherent in the organism or acquired through the environment [1]. According to WHO,
infections caused by resistant microorganisms often fail to respond to treatment, resulting in
prolonged illness and death risk [2]. The current understanding of bacterial pathogenesis has
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uncovered many potential approaches to develop novel drugs which are alternatives to
antibiotics. As these alternative drugs disarm the pathogen rather than kill or halt pathogen
growth, it has been hypothesized that they will generate a much weaker selection for resistance
than traditional antibiotics [3]. Inhibition of iron transport in bacteria is considered as one of
the important alternative approaches to control bacterial infections [4]. Most organisms require
iron as an essential element for various metabolic pathways. Most of the iron in the biological
fluids of vertebrates is bound by transferrin, lactoferrin, and hemoglobin [5]. Therefore,
microorganisms depend heavily on their ability to use the host-complexed iron in establishing
an infection. A key feature that enables pathogenic bacteria to survive within the vertebrate
host is the production of siderophores, a group of small molecular weight iron-sequestering
compounds, and the synthesis of their cognate transport systems, which are crucial in
overcoming the non-specific defense mechanisms of the host and allow for bacterial
multiplication [6, 7]. Therefore, inhibition of siderophore biosynthesis in bacterial pathogens
is considered an innovative approach to design drugs to treat bacterial infections [8-10].

Enterobactin is a high-affinity siderophore that acquires iron for microbial systems. It
is primarily present in Gram-negative bacteria, such as Escherichia coli and Salmonella
typhimurium [11, 12]. The biosynthesis and mechanism of transport of iron by enterobactin
were well studied and reported by many researchers [13, 14]. An enzyme isochorismate
synthase (ICS) [15] involved in the biosynthesis of enterobactin and a membrane protein FepA
[16], which is involved in the active transport of ferric-enterobactin complex from the
extracellular space into the periplasm of Gram-negative bacteria, were chosen as drug targets
for this study. Inhibition of these target proteins may cease the survival and virulence of
bacterial pathogens, which exclusively use enterobactin as iron chelators. In this study, a set of
marine and plant-derived metabolites were screened in silico as inhibitors of ICS and FepA.
The active compounds with a high binding affinity towards these targets can be purified and
further studied as enterobactin biosynthesis and transport inhibitors.

2. Materials and Methods

2.1. Materials.

The crystal structures of the two proteins, isochorismate synthase (ICS; PDB ID:
3HWO) and FepA (PDB ID: 1FEP), were downloaded from Protein Data Bank (PDB). The
features of the two proteins are presented in Table 1. A total of 43 marine compounds selected
from the literature was used for screening. In addition, compounds from three plants, namely
Justicia adhatoda, Withania somnifera, and Morinda citrifolia were also selected from Dr.
Dukes Phytochemical and Ethnobotanical Databases [17]. The above three plants were chosen
for the study as the active compounds of these plants were least explored for various biological
activities. A total of 130 compounds were selected for this study. All these compounds were
downloaded from the Chemspider database.

Table 1. Features of the selected drug targets.

Features FepA Isochorismate Synthase
PDB ID 1FEP 3HWO

Experimental Technique X-Ray diffraction X-Ray diffraction
Resolution 2.4A 2.30A

Source Organism E. coli E. coli

Length 724 amino acids 394 amino acids
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Features | FepA | Isochorismate Synthase

Natural Ligand Not available (5S,6S)-5-[(1-carboxyethenyl)oxy]-6-
hydroxycyclohexa- 1,3-diene-1-carboxylic
acid

2.2. Homology search.

The selected proteins, FepA and ICS, were searched against human proteome for
homologous proteins using protein BLAST. This was to ensure that the drug targets do not
share homology with any of the human proteins so that targeting them will not cause any side
effects.

2.3. Protein and ligand preparation.

Computer System with 2x Intel® Core™ Duo, 2.53 GHz processor, 4GB RAM, and
Ubuntu 12.10 operating system was used for carrying out molecular docking studies.
AutoDock 4.2 was used for molecular docking, and Discovery Studio Client 4.0 was used for
the visualization of protein-ligand interactions.

The proteins and ligands were prepared for docking using the graphical user interface
of AutoDockTools. The preparation involved adding all hydrogen atoms to the proteins, which
is necessary for calculating partial atomic charges. Water molecules and heteroatoms were
removed from the protein molecule. The natural ligand for ICS, isochorismate, was also used
for docking.

2.4. Grid calculation and docking.

A three-dimensional grid box was generated to embed the protein, and grid parameters
were set. Grid maps were calculated by running AutoGrid 4, which was then used by AutoDock
for docking calculations. Docking parameters were set by the docking wizard of
AutoDockTools as described earlier [18]. Conformation search was performed by Lamarckian
Genetic Algorithm for 100 cycles [19]. AutoDock 4 uses the pre-calculated grid maps to
calculate the interaction energies of ligands with the proteins. The binding energies for each
conformation of the ligand with the proteins were determined by running AutoDock 4 [20].

2.5. Analysis of docking results.

Analysis of docking was performed by using the graphical user interface of
AutoDockTools and Discovery Studio Client 4.0. The binding energies of each conformation
of docked compounds were calculated. Various types of interactions between ligand and
receptor such as hydrogen bonds, hydrophobic interactions, van der Waals and electrostatic
interactions were visualized using Discovery Studio. AutoDock calculates the binding energy
by an energy function derived from molecular mechanics terms such as van der Waals energy,
hydrogen bond energy, torsional energy, electrostatic energy, and desolvation energy.

2.6. Analysis of pharmacokinetic and physicochemical parameters.

The ADME properties such as the molecular weight, solubility, bioavailability, brain
penetration, and gastrointestinal absorption of the top 5 binders were predicted using
SwissADME. The toxicity of the top-binding metabolites was predicted using ToxiM. The
bioactivity of the lead compounds was predicted using Way2Drug/PASS, a QSAR based
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bioactivity prediction server. The general antibacterial activity was considered as the
bioactivity of the compound. Compounds with the probability of bioactivity (Pa) > 0.3 and the
probability of inactivity (Pi) <0.05 were considered as promising drug candidates [21].

3. Results

3.1. Homology search.

To ensure no similarity exists between the target proteins and the human proteins, the
sequences of FepA and ICS were downloaded and searched against the human genome using
the BLASTX program. The results indicated that none of the human proteins shared similarities
with the selected drug targets.

3.2. Molecular docking studies.

A total of 130 natural compounds of marine and plant origin were selected and docked
with the ligand-binding site of FepA and ICS to find their interaction as FepA and ICS binders.
The binding energies of compounds docked with FepA and ICS are listed in Table 2.

Table 2. Binding energies of compounds docked with FepA and Isochorismate synthase.

. Binding Energy (kcal/mol)

S. No Ligand FepA ICS

| Natural Ligand NA -8.72

Marine Natural Compounds (Source)
1 Actinomadura Xanthone (Marine 732 6.92

Actinomycete)
2. Amphidinolide C (algae) 13.07 1580
3. Amphidinolide X (algae) -7.69 62.04
4. Andavadoic acid (Sponge) -8.63 -2.73
5 Aplysinopsin (sponges, corals, sea 776 734
anemone)

6. Bistramide A (Ascidian) -11.8 49141
7. Carotene (Microalgae) -11.02 NA
8. Certonardosterol A2 (Starfish) -11.26 78.93
9. Certonardosterol C2 (Starfish) -10.33 26.69
10. Certonardosterol D (Starfish) -11.19 18.79
11. Certonardosterol D2 (Starfish) -9.68 20.46
12. Certonardosterol D3 (Starfish) -10.17 255
13. Certonardosterol E2 (Starfish) -10.08 43.7
14. Certonardosterol E3(Starfish) -10.51 23.67
15. Certonardosterol N1(Starfish) -9.86 34.81
16. Certonardosterol Q6(Starfish) -9.46 14.61
17. Cibrostatin 6 (Sponge) -7.22 -6.32
18. Cytonic acid A Cytonaema sp) -9.93 NA
19. Cytonic acid B (Cytonaema sp) -9.3 NA
20. Discorhabdin L(Sponge) -8.02 -5.49
21. Dolastatin 11 (Mollusc) 1.13 10100
22. Dolastatin 15 (Mollusc) 1.48 1070
23. Iriciniastatin A (Sponge) -9.45 116.06
24. Isogeoditin A (Sponge) -11.56 76.85
25. Isogeoditin B (Sponge) -11.23 160.86
26. Isogranulatimide (Ascidian) -8.68 -8.39
217. Jaspine B (sponge) -7.41 -4.87
28. Lamellarin D (algae) -6.46 106.72
29. Laurenditerpenol (marine algae) -9.01 -8.44
30. Lisscoclinolide (Ascidian) -7.42 -7.48
31. Microcionamide A (Sponge) 82.81 1470
32. Microcionamide B (Sponge) 45.7 952.8
33. Mycalazal 8 (Sponge) -6.25 5.48
34. Neoamphimedine (Sponge) -9.08 -0.7
35. Neohalichondramide (Sponge) 17.03 877.85
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. Binding Energy (kcal/mol)
S. No Ligand FepA ICS
36. Ophiobolin A (Fungus) -10.11 38.8
37. Peloruside A (Sponge) -8.9 86.62
38. Phakellistatin 1(Sponge) - 320.47
39. Plakinamine K (Sponge) - 87.87
40. Plakorstatin A (Sponge) - -6.83
41. Plakorstatin B (Sponge) -8.4 -8.76
42. Reineramycin J (Sponge) -6.3 240.54
43. Tasiamide B (bacteria) 65.23 1460
Compounds from J. adhatoda
1 2'4'-Dihydroxychalcone-4-glucoside -10.1 6.55
2 Adhatodine -8.44 -2.11
3 Anisotine -8.4 3.53
4 Arachidic acid -6.96 -5.27
5 Behenic acid -7.89 -0.99
6 Betaine -3.55 -4.14
7 Beta-Sitosterol - -
8 Beta-Sitosterol-Beta-D-glucoside - -
9 Deoxyvascinone -6.7 -6.29
10 Lignocericacid -7.31 4.29
11 Linoleicacid -7.44 -5.03
12 Oleicacid -7 -6.1
13 Oscine -5.3 -4.75
14 Peganine -6.58 -7.08
15 RAA -6.6 16.69
16 Vasicine -6.75 -6.87
17 Vasicinol -7.36 -7.84
18 Vasicinone -6.73 -6.46
19 Vasicoline -6.45 -6.65
20 Vasicolinone -7.67 -2.19
Compounds from W. somnifera
1 2,3 Dehydrosomnifericin -10.65 52.93
2 2,3 Dihydrowithaferin -9.95 61.16
3 Bellaradine -6.57 -5.14
4 Campesterol -10.04 2.73
5 Daucosterol -11.87 27114
6 D-Galactitol -6.58 -5.8
7 Hydroxyproline -5.35 -5.27
8 Isopelletierine -4.53 -5.45
9 N-Hentriacontane -5.51 44.38
10 Pseudotropine - -5.06
11 Quercetin -9.47 -7.97
12 Quinicacid -7.25 -6.74
13 Quresimine A -11.27 74.58
14 Scopoletin -6.49 -6.5
15 Sominone -114 12.78
16 Tropanol -5.31 -5.05
17 Withanolide D -12.61 87.17
18 Withanolide F -11.34 35.66
19 Withanolide L -10.59 375
20 Withanone -11.39 38.77
Compounds from M. citrifolia
1 2-Ethylhexanoate -5.55 -6.26
2 2-Heptanone -4.38 -4.61
3 2-Methyl butanoic acid -5.06 -5.37
4 2-Methyl hexanoate -5.29 -6.28
5 2-Methyl propanoic acid -4.72 -5.19
6 8,11,14-eicosatrienoic acid -6.89 -5.92
7 Acetoin -4.18 -4.44
8 Adipic acid -6.64 -5.72
9 Alizarin -7.98 -7.58
10 Alkamid -4.6 -4.01
11 Asperulosidic acid -9.7 -6.69
12 Benzoic acid -5.47 -6.43
13 Benzylalcohol -4.82 -4.6
14 Biochanin A -8.61 -6.01
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Binding Energy (kcal/mol)

S. No Ligand FepA ICS

15 Butyric acid -4.39 -5.03
16 Damnacanthal -7.96 -6.93
17 Deacetylasperulositic acid -10.45 -5.03
18 Elaidic acid -6.7 -5.15
19 Ethylcaprylate - -5.56
20 Ethyldecanoate -6.13 -7.27
21 Ethylpalmitate -5.3 -5.29
22 Eugenol -5.77 -6.51
23 Gentisic acid -7.33 -7.17
24 Heptanoic acid -4.91 -5.7

25 Hexanoic acid -4.92 -5.86
26 Linoleic acid -7.38 -6.54
27 Lucidin -8.27 -7.54
28 Methyl decanoate -5.1 -5.72
29 Methyl elaidate -5.36 -4.34
30 Methyl octanoate -5.45 -5.4

31 Methyl oelate -7.59 -6.01
32 Methyl palmitate -5.37 -5.88
33 Morindone - Error
34 Myristic acid -6.92 -6.65
35 Niacin -5.71 -6.05
36 Nonanoic acid -5.42 -6.21
37 Nordamnacanthal -7.4 -6.91
38 Octanoicacid -5.19 -6.05
39 Phycion -8.41 -5.23
40 Prenol -4.21 -4.08
41 Rubiadin -12.25 30.13
42 Rubichloric acid -9.63 -6.9

43 Thiamin - Error
44 Undecanoic acid - -6.6

45 Ursolic acid - 91.66
46 Vomifoliol -7.92 -7.96
47 (2)-6-Dodeceno-gamma-lactone -6.11 -6.67

In total, 43 marine compounds have been docked with FepA, out of which 33
compounds were found to be interacting with FepA. Eleven of these compounds exhibited
higher binding with less than -10 kcal/mol binding energies. The top binder was bistramide A
with a binding energy of -11.8 kcal/mol followed by isogeoditin A (-11.56 kcal/mol).

Twenty compounds from J. adhatoda, 20 from W. somnifera and 47 from M. citrifolia
were docked against FepA, out of which 18, 19, and 42 compounds, respectively, were found
to be interacting with FepA. The top five binders were withanolide D (binding energy of -
12.61), rubiadin (-12.25), daucosterol (-11.87), bistramide A (-11.8). Of these, withanolide D
and daucosterol are from W. somnifera, rubiadin is from M. citrifolia, and bistramide A and
isogeoditin A are from marine ascidian and sponges respectively. The top binders, their source,
and binding energies are listed in Table 3. The amino acids of FepA, which interact with their
top 5 binders, are presented in Figure 1. The amino acid residues Lys47, Leu57, Arg70,
Argl108, Arg225, and Pro712 were found to be common in all the interactions. Interestingly,
Lys47 and Pro712 are the common amino acids interacting with all five compounds.

Table 3. Top five binders of FepA.

S. No Ligand Source ?I!gzg;rr:?ol) Energy
1 Withanolide D W. somnifera -12.61

2 Rubiadin M. citrifolia -12.25

3 Daucosterol M. citrifolia -11.87

4 Bistramide A Marine ascidian -11.8

5 Isogeoditin A Marine sponge -11.56
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Figure 1. Amino acids of FepA are involved in interaction with the top five binders.
The residues Lys47, Leu57, Arg70, Arg108, Arg225, and Pro712, are found to be common in all the
interactions. Among them, Lys47 and Pro712 are found to be interacting with all five compounds.

Out of the 43 marine compounds tested, only 12 were found to be interacting with ICS.
Eight of these compounds exhibited less than -6 kcal/mol binding energy. Similarly, 14 out of
20 compounds from J. adhatoda were found to be interacting with ICS, whereas only 9
compounds out of 20 from W. somnifera and 44 out of 47 compounds from M. citrifolia were
interacting with ICS. Plakorstatin B, laurenditerpenol, isogranulatimide, quercetin, and
vomifoliol were the top 5 binders of ICS; their source and binding energies are listed in Table
4. The amino acids of ICS which interact with their top 5 binders are presented in Figure 2.
The natural ligand present in the crystal structure of ICS, (5S,6S)-5-[(1-carboxyethenyl)oxy]-
6-hydroxycyclohexa- 1,3-diene-1-carboxylic acid (isochorismate) was also docked with
isochorismate synthase, and it was found to be interacting with ICS with the binding energy of
-8.72 Kcal/mol.

Table 4. Top five binders of isochorismate synthase.
Binding energy

Ligand name Source (kcallmol)
Plakorstatin B Marine sponge -8.76
Laurenditerpenol Marine algae -8.44
Isogranulatimide Marine ascidian -8.39
Quercetin W. somnifera -7.97
Vomifoliol M. citrifolia -7.96

The interaction of withanolide D with FepA and interaction of plakorstatin B with ICS
are depicted in Figures 3 and 4, respectively. Withanolide D was found to fit inside the - barrel
structure of FepA (Figure 5). Plakorstatin B, the top most binder of ICS interacts with almost
all the amino acids in the active site. Plakorstatin B interacts with amino acids that are exactly
interacting with the natural ligand present in the crystal structure of ICS (Figures 2, 4, 6). The
alignment of the docked pose of plakorstatin B with the natural ligand is shown in Figures 7a
and 7b.
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Figure 2. Amino acids of Isochorismate synthase involved in interaction with the top five binders. The
highlighted amino acids (Ser215, Gly214, Gly361, Ala303, Arg347, Ala360, His276, and Lys380) are found to
be interacting with the self-ligand present in the crystal structure and also with these top five binders. The
maximum interaction with the active site amino acids was found in the compound plakorstatin B.

Figure 3. Interaction of withanolide D with FepA (Green color indicates hydrogen bonds; Red color indicates

hydrophobic interactions).

Figure 4. Interaction of plakorstatin B with ICS (Green color indicates hydrogen bonds; Red denotes
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hydrophobic interactions).

8 of 14


https://doi.org/10.33263/BRIAC132.125
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC132.125

GLY214

GLY361
/

/
ALA303

Figure 6. Interaction of natural ligand ((5S,6S)-5-[(1-carboxyethenyl)oxy]-6-hydroxycyclohexa- 1,3-diene-1-
carboxylic acid) with ICS (Green color indicates hydrogen bonds; Orange indicates hydrophobic interactions).

|
|

(@ (b)

Figure 7. (a) Alignment of docked conformation of plakorstatin B with the natural ligand in the active site of
ICS (Red color indicates Natural ligand and Green is Plakorstatin B); (b) Alignment of docked conformation of
plakorstatin B with the natural ligand (Red color indicates Natural ligand and Green indicates Plakorstatin B).
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The ADME/T analysis of the top binders of Fep A and ICS are presented in Tables 5
and 6, respectively. Among the top 5 binders of FebA, two of the compounds, Daucosterol and
Bistramide A, exhibited a single violation in the Lipinski’s rule, whereas no violations were
found in other compounds. This is because both compounds had a molecular weight of more
than 500. Whereas no violations were found in all the top binders of ICS. The QSAR based
prediction of antibacterial activity of the top, binding compounds was performed, and all the
top binders of ICS and FepA, except Vomifoliol and Isogranulatimide, were found to show
Pa>0.3 and Pi<0.05, which indicates that these compounds are eligible for being studied further
as drug candidates.

Table 5. ADME/T Analysis of Top Binders of FepA.

Withanolide D Rubiadin Daucosterol Bistramide A Isogeotidin A
Molecular weight (g/mol) 470.60 254.24 576.85 704.98 450.61
Number of heavy atoms 34 19 41 50 33
Number of aromatic heavy 0 12 0 0 0
atoms
Number of rotatable bonds 2 0 2 20 5
Number of H-bond acceptors 6 4 6 8 4
Number of H-bond donors 2 2 4 4 0
Log Pow 3.35 2.23 551 5.12 5.12
L . L L 1 Violation; mol | 1 Violation; mol L
Lipinski Rule of Fives 0 violation 0 violation Wt >500 Wt >500 0 violation
Bioavailability Score 0.55 0.55 0.55 0.55 0.55
Gl absorption High High Low Low High
BBB permeant No Yes No No No
GI- Gastro Intestinal; BBB- Blood-Brain Barrier.
Table 6. ADME/T Analysis of Top Binders of ICS.
Plakorstatin B Laurenditerp Isggranulatl Quercetin Vomifoliol
enol mide
Molecular weight (g/mol) 340.45 306.48 276.25 302.24 224.30
Number of heavy atoms 24 22 21 22 16
Number of aromatic heavy atoms 0 0 19 16 0
Number of rotatable bonds 9 4 0 1 2
Number of H-bond acceptors 5 2 4 7 3
Number of H-bond donors 0 1 2 5 2
Log Pow 3.70 4.23 1.47 1.23 1.53
Lipinski Rule of Fives 0 violation 0 violation 0 violation 0 violation 0 violation
Bioavailability Score 0.55 0.55 0.55 0.55 0.55
Gl absorption High High High High High
BBB permeant Yes Yes No No Yes
GI- Gastro Intestinal; BBB- Blood-Brain Barrier.
4. Discussion

High-affinity iron acquisition is mediated by siderophore-dependent pathways in the
majority of pathogenic bacteria. Inhibition of siderophore-mediated iron acquisition is one of
the promising strategies to control bacterial infections. Though inhibitors of siderophore
biosynthesis and transport were reported earlier, no approved drugs are still available in the
market [22-25]. Siderophores from tight and stable complexes with ferric iron [16]. Fe(lll)-
siderophore complexes are then transported into the bacterial cells, where the Fe* is converted
into Fe* ion by enzymatic reactions [26, 27]. Enterobactin is a siderophore produced by most
enteric pathogens, including S. typhimurium and E. coli. The biosynthesis of enterobactin has
been well studied and reported by various researchers [28-30]. In the first step of the
biosynthesis of enterobactin, chorismate is converted into isochorismate by the enzyme ICS
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encoded by entC gene [31]. As this enzyme shares no homology with any of the human
proteins, this was selected as one of the drug targets for this study.

Once the enterobactin binds to Fe** ion to form Fe(lll)-enterobactin complex, it is
transported into the bacterial cells. Recognition and incorporation of the ferric-enterobactin
complex begin at an outer membrane protein receptor known as FepA [13, 15]. FepA was
selected as another drug target for the current study as the inhibition of FepA mediated transport
would stop the transport of Fe(ll1)-enterobactin complex into bacterial cells.

Bioprospecting of marine natural products has yielded a considerable number of drug
candidates [32, 33]. Also, plant-derived substances have recently become of great interest
owing to their versatile applications, including antibacterial, antiviral, and anti-inflammatory
activities [34, 35, 36, 37]. For these reasons, herein number of marine and plant metabolites
were screened for binding with the selected drug targets.

Analysis of the interaction of FepA with these compounds provides some insights into
the binding site of FepA and the amino acids involved in the interaction. The amino acid
residues Lys47, Leu57, Arg70, Arg108, Arg225, and Pro712, were found to be common in all
the interactions. Among them, Lys47 and Pro712 are found to be interacting with all the five
compounds from which we can interpret that these amino acids are important for the
interactions with the ligand. Withanolide D was found to fit inside the - barrel structure of
FepA through which the Fe-enterobactin complex is reported to be transported [38].

The four amino acids, Ser215, Gly214, Gly361, and Ala303, make the active site of
ICS [30]. All these four amino acids, along with four other amino acids (Arg347, Ala360,
His276, and Lys380), were found to be interacting with the natural ligand of ISC. The
compounds, laurenditerpenol, isogranulatimide and plakorstatin B, interact with 6 out of 8
amino acids interacting with the natural ligand. Among these ligands, plakorstatin B is found
to be binding exactly in the cavity where the natural ligand binds (Figure 7a and 7b). This
shows that plakorstatin B can potentially be developed as a promising molecule that can inhibit
enterobactin biosynthesis.

Three out of the 5 top binders of FepA, Withanolide D shows better ADME properties
because the molecular weight of the other two compounds, daucosterol, and Bistramide, is
greater than 500. Of all the top binders of ICS and the FepA, Withanolide D shows very good
ADME properties, including high Gl absorption, no BBB permeability, and a better
bioavailability score, which indicates this compound could have the potential to be developed
into a candidate drug to inhibit the biosynthesis of enterobactin.

5. Conclusions

Since antibiotic resistance is becoming a serious threat to humankind, developing novel
alternative strategies to control bacterial pathogens is crucial. One of the novel strategies has
been utilized in the current study. Marine and plant metabolites were screened to target
enterobactin's biosynthesis and transport in E. coli, thereby interfering with iron sequestration.
Out of 130 compounds screened, the top five binders for each drug target were identified as
candidate drugs, which possess the potential to be developed into a drug. The top binder of
FepA Withanolide D shows a good binding affinity (-12.61), found to bind exactly to the
interior of the B-barrel structure of FepA, and possesses good ADME properties. This molecule
can be regarded as a potential candidate molecule that can further be developed successfully
into a drug.
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