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Background: The present study investigates the potential bioactivity of twelve experimentally designed C-2 quaternary indolinones
against Providencia spp., a bacterial group of the Enterobacteriaceae family known to cause urinary tract infections. The study aims to
provide insights into the bioactive properties of the investigated compounds and their potential use in developing novel treatments
against Providencia spp. The experimental design of indolinones, combined with their unique chemical structure, makes them
attractive candidates for further investigation. The results of this research may contribute to the development of novel therapeutic
agents to combat Providencia spp. infections.

Methods: The synthesized indolinones (moL1-moL12) are evaluated to identify any superior activity, particularly focusing on
moL12, which possesses aza functionality. The antimicrobial activities of all twelve compounds are tested in triplicates against six
different Gram-positive and Gram-negative organisms, including P. vermicola (P<0.05). Computational methods have been employed
to assess the pharmacokinetic properties of the compounds.

Results: Among the synthesized indolinones, moL12 exhibits superior activity compared to the other compounds with similar
skeleton but different functional moieties. All six strains tested, including P. vermicola, demonstrated sensitivity to moL12.
Computational studies support the pharmacokinetic properties of moL 12, indicating acceptable absorption, distribution, metabolism,
excretion, and toxicity characteristics.

Conclusion: Utilizing the PPI approach, we have identified a promising target, FabD, in Gram-negative bacteria. Our analysis has
shown that moL 12 exhibits significant potential in binding with FabD, thereby, might inhibit cell wall formation, and display superior
antimicrobial activity compared to other compounds. Consequently, moL.12 may be a potential therapeutic agent that could be used to
combat urinary tract infections caused by Providencia spp. The findings of this research hold significant promise for the development
of new and effective treatments for bacterial infections.

Keywords: C-2 quaternary indolinones, Providencia vermicola, Providencia stuartii, multi-drug resistance, molecular docking,

molecular dynamics simulation

Introduction

Microbial resistance has become a problem in the contemporary medical environment due to the inadequate development of
new antibiotics and the asinine prescription of antibiotics in both developed and developing nations. Antimicrobial resistance
(AMR), which affects wealthy and developing nations, is a global concern." AMR is a problem for public health that has
broad societal, economic, and health repercussions. Multi-drug resistance (MDR) is defined as non-sensitivity to at least one
agent in all but two or fewer antimicrobial groups (i.e., bacterial isolates remain susceptible to only one or two categories),
extensively-drug resistance (XDR) is defined as non-sensitivity to at least one agent in all but one or two antimicrobial groups
and pan-drug resistance (PDR) is defined as resistance to all drugs in all antimicrobial classifications.” Providencia vermicola
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and Providencia stuartii are two pathogenic species of Enterobacteriaceae, a family already classified by the WHO as
a Critical level Priority 1 of AMR.? In this regard, N-bonded heterocycles, 2,2-Di(3-indolyl)-3-indolones, i.e., C2-quaternary

indolinones having three-dimensional acyclic chemical architecture with quaternary sp’-carbon are of significant
importance.* The C2-quaternary indolinone compounds are known to occur naturally in marine sponges, the poisonous
mucus of the boxfish “Ostracion cubicus”, and a marine-derived bacterial strain in seawater.” The tris-indole components
are used in the treatment of various infectious disorders, including antibacterial activity against Gram-positive bacteria.” They
possess antiviral bioactivities and show activity towards other infectious illnesses such as hepatitis, mumps, pneumonia, and
influenza.® They are also identified as potential drugs for the therapeutic targets of SARS-CoV-2 using a computational
technique.” Because of the diverse applications of the indolinone framework, a number of approaches for their synthesis have
been established. Generally, they are manufactured in the laboratory involving free radical pathways or metal-catalyzed,
oxidant-driven, non-free radical approaches.”'”> Bio-catalytically they are also synthesized from indoles using laccase
catalysis, laccase-surfactant catalysis, biocatalytic process, and combinatorial biocatalytic approaches.®'®!” Likewise, these
indolinone derivatives have been synthesized from indoles using a variety of reagents and conditions via some metal-free or
metal-catalyzed routes.*”'*'*'%1% Metals like palladium (Pd), gold (Au), iridium (Ir), ruthenium (Ru), copper (Cu), and iron
(Fe) are used more for such synthesis. Despite these developments, an easy and mild approach using fewer chemicals is
required to efficiently synthesise these tris-indoles and supply the resources for diverse bioactivity research. Recently, Cheng
et al designed a Ru-based photocatalyst to efficiently facilitate the quaternization of N-H and N-alkyl indoles under mild
reaction conditions.” They also found that the synthesized C2-quaternary indolinones exhibit antiproliferative activity against
some human cancer cell lines like breast adenocarcinoma, lung adenocarcinoma, and cervix adenocarcinoma.

Very recently, we have also developed a cost-effective, environment-friendly, as well as recyclable zeolite-Y supported
iron oxide (Fe,O3-Y), which was found as an excellent heterogeneous nanocatalyst for the synthesis of the C2-quaternary
indolinones from various substituted and un-substituted indoles under ambient reaction conditions (Figure 1).%° In the
previous work, we reported the molecules 1-11 as represented in Figure 1. It is known that indolinone derivatives exhibit
biological activity; however, there is no record of these compounds being tested for their antimicrobial properties against
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Figure | Isolated derivatives (moL| to moL12) of C2—quaternary indolinones by quaternization of indoles using Fe2O3-Y as catalyst.

pathogenic bacteria. Therefore, to further extend the study and to bring out the biological importance of the synthesized
indolinones derivatives herein, we have investigated the bioactivity of the previously reported C2-quaternary indolinones
(moL1-moL11, Scheme 1) and the newly synthesized one, ie, the molecule 12 (moL12) as shown in Scheme 1.

The rationale for this study is rooted in our recent achievement of developing a cost-effective, environmentally friendly, and
recyclable zeolite-Y supported iron oxide (Fe,Os-Y). This innovative catalyst has demonstrated remarkable effectiveness in
facilitating the synthesis of C2-quaternary indolinones from both substituted and unsubstituted indoles, all achieved under
ambient reaction conditions. Building on our prior research efforts, where we successfully synthesized and characterized
compounds 1-11, we found that some compounds displayed activity against certain pathogenic bacterial strains. Driven by
these preliminary outcomes, we initiated a fresh undertaking, synthesising and evaluating a novel C2-quaternary indolinone,
moL12. This compound was rigorously tested against a panel of six bacterial strains and exhibited sensitivity towards all of them.
Encouraged by these promising experimental findings, we deemed it essential to subject moL12 to further computational
analyses. The study’s rationale emerges from our prior successes with the catalyst and the observed activity of previously
synthesized compounds against pathogenic bacteria. This led us to synthesize moL12 and investigate its antimicrobial potential,
a process complemented by computational assessments aimed to advance our understanding of these C2-quaternary indolinones
in combating antimicrobial resistance.

Materials and Methods
Sources of the Materials Used in the Study

Bacterial media for inoculation of test organisms were obtained from Himedia. Barium chloride and sulfuric acid for
preparing McFarland standards were obtained from Merck. Standard antibiotics were obtained from Himedia. Test
organisms were obtained from ATCC.
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Determination of Antimicrobial Activity

Antimicrobial activity of the 12 test samples (moL1 to moL12) was assessed against a total of six (6) different bacterial
strains, both Gram-positive and Gram-negative, viz Bacillus subtilis (6051), Staphylococcus aureus (25923),
Pseudomonas aeruginosa (27853), Enterococcus faecium (51559), Salmonella typhimurium (49416), and Providencia
vermicola (KP21).

Well Diffusion Method

Test organisms were inoculated in Nutrient broth and cultured overnight at 37 °C. The freshly prepared broth was diluted in
normal saline in order to adjust the turbidity to 0.5 McFarland standard, thus yielding a final inoculum of 1x10® CFU/mL.
A sterile petri dish prepped with solidified Muller-Hinton agar media was inoculated with 50 pL of diluted bacterial culture.
The inoculum was spread evenly on the surface of the agar plate with a sterilized glass spreader. The wells were drilled into the
agar plates containing inoculums using a sterile borer (6 mm in diameter). 50 pL of each sample (20 mg/mL) was then applied
to the appropriate well. The plates were placed in a refrigerator to allow the compounds to diffuse properly into the agar after
being kept at room temperature for 30 minutes. The plates were then incubated for 24 hours at 37 °C. Antimicrobial activity

was detected by measuring the zone of inhibition, which included the well diameter, following the incubation period.?!-*>

Determination of Minimum Inhibitory Concentration (MIC)
The compounds showing significant inhibition against the test organisms, specifically P. vermicola, were selected for the
determination of MIC by performing the rapid INT colorimetric assay. The compounds were diluted into separate concentrations,
which was achieved by performing two-fold dilutions placed directly on a microtitre plate, pre-added with 100 uL of Mueller
Hinton (MH) Broth. 50 uL of freshly prepared bacterial inoculum of P. vermicola with a concentration of 1.5x10® CFU/mL was
added to each well. Commercially available Imipenem was used as the positive control. Wells containing 100 uLL MH broth, 50 uL.
of bacterial inoculum, and DMSO served as the negative control. After resting the plates at room temperature for 30 minutes, the
plates were treated to an incubation period of 18 hours at 37 °C. OD was taken at 600 nm.

50 pL p-iodonitrotetrazolium chloride or INT (0.5% w/v) was added post-OD measurement, followed by incubation
at 37 °C for 30 minutes. The plates were observed visually. The MIC was regarded as the lowest concentration of sample
that prevented the bacteria from growing as viable bacteria reduce the yellow INT dye to a pinkish color.”?

Statistical Analysis

Statistical analyses in the study have been carried out in OriginPro, Version 2022." OriginLab Corporation, Northampton,
MA, USA. All obtained values are expressed as the mean of triplicates + SD (Standard Deviation). One-way ANOVA has
been carried out for each raw data set.

224

ADMET Analysis of the Indolones

When determining drug exposure at the site of action, it is essential to precisely account for drug absorption, distribution,
and metabolism inside a specific organ. It is crucial to understand the pharmacokinetic properties of these chemicals,
particularly their absorption, distribution, metabolism, excretion, and toxicity (ADMET), in order to develop medicines
with desirable qualities and appropriate dosing regimens.*

For the current study, both SwissADME web tool (http://www.swissadme.ch) and ADMETlab 2.0 (https://admet

mesh.scbdd.com) have been used to predict the drug-like properties and pharmacokinetics of the compounds.

Target Fishing Using Protein—Protein Interaction Network

The uprising of resistance to most existing antibiotics highlights the need for novel approaches to bacterial pathogen
management. Within the bacteria, a sequence of events occurs that affect the host. Enzymes control these reactions,
which result in the production of the required products. Some pathogen metabolic pathways have been shown to be
critical for the organism’s survival within the host. The analysis of such reactions is critical in identifying enzymes that
might be potential therapeutic targets.
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From the experimental analysis, it was found that the indolones showed the highest activity against Providencia
vermicola. Thus, P. vermicola was undertaken for further exploration. The leading cause of resistance in Gram-negative
bacteria to various antibiotics, such as B-lactams, quinilons, colistins, and other antibiotics, is their outer membrane. Majority
of antibiotics require passage through the outer membrane in order to reach their targets; for instance, hydrophobic
medications can do so via a diffusion pathway, whereas hydrophilic drugs, such as B-lactams, can do so via porins. Any
modification to the outer membrane caused by Gram-negative bacteria, such as a change in the hydrophobic characteristics or
a mutation in the porin protein, can result in resistance. Because Gram-positive bacteria lack this crucial layer, Gram-negative
bacteria are more resistant to antibiotics than Gram-positive bacteria.”® Thus, targeting the formation and stability of the outer
membrane may provide sensitivity to the newly developed antibacterial drugs. Fatty acid biosynthesis (FAB) is reported to be
essential to the survival of Gram-negative P. vermicola as it is related to the formation of its membranes.”” However, the lack
of available theoretical data for P. vermicola has encouraged the use of other species related closely to P. vermicola.
Therefore, in this study, the FAB pathway of Providencia stuartii has been used to analyze and understand the importance
of the proteins.?®

The crucial enzymes involved in the Protein—Protein Interaction (PPI) network of FAB pathway were checked using
topological analysis. A PPI reflects the interaction of the protein with their neighbouring protein in a static manner. They
are mathematically constructed networks where a protein is denoted as node and the interaction between them is denoted
by edge. They provide an excellent way of studying functional relationships, finding crucial modules and ranking targets.
The proteins associated with FAB for P, stuartii were derived from STRING (version 11.5) database.?” The collected data
were subjected to an open-source software “Cytoscape”,> visualizing the PPI of P. stuartii cluster of proteins in a PPL

MCODE, a clustering plugin was utilized to find out the cluster of the proteins.*'** The proteins in a cluster tend to
have highly interconnecting regions. The MCODE algorithm employs three steps: vertex weighting, complex prediction,
and possible postprocessing to remove or add proteins in the generated complexes according to specific connection
criteria. The vertex-weighting strategy is based on the clustering coefficient, C;, which assesses the “cliquishness” of
a vertex’s surroundings.

Ci= 2n/ki(ki—1)

where n is the number of edges in the neighbourhood and 4i is the vertex size.

Density of Graph G is defined as G = (V, E), where |V] is the no. of vertices, |E| is the number of edges and the
= |V|(|V] + 1)/2 and for no
value ranging between 0.0 and 1.0.*

maximum number of edge possible is defined as |E|,,,. For a graph containing loops |E|

= |V|(|V] = 1)/2 Thus, density of G is Dg = |E|/|E|
Further, topological analysis was performed to analyze the network’s attributes along with it, Cytohubba,** a plugin of

max

loops |E|, .« max>

“Cytoscape” was used to analyze and rank the central nodes present in the PPI network. These central nodes tend to have
more connections with their neighbouring nodes. Removal of any one of these central nodes may result in the loss of
connectivity of the protein in a network, altering the overall topology.

The ranking methods are divided into two categories based on algorithms: the local-based methods and the global-
based methods. Here, Maximum Clique Centrality (MCC) method is used as a local-based method. It is defined as

MCC(v) = Xcesy (IC] = D!

where S(v) represents the collection of maximal cliques containing v (JC|-1)! represents the product of all positive
values less than |C|.>*
Similarly, for global-based method, “closeness (Clo)” was implemented. It is defined as

1
Clo(v) = _—
v) ey dist(v,w)
where the length of the shortest path between v and w nodes is represented by dist (y,w).>
After finding out the essential protein, phylogenetic trees were constructed to verify the close relation between
P. vermicola and P. stuartii.
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Phylogenetic Tree Construction
Due to unavailability of relevant data on P. vermicola, P. stuartii was taken as an alternate organism, as according to
a previous study, P. stuartii showed close relation with P vermicola.** Therefore, to verify the close relationship,
a phylogenetic tree was constructed to estimate the relationship among them and among the common organisms showing
homology to the protein. For this study, two proteins were considered which were found to be crucial in the FAB
pathway. Both these proteins were used as inputs to search for common ancestors using BLASTp. The top 10 hits were
considered for the tree construction using the MEGA-X>° software. The alignment of the sequences was done using the
inbuild ClustalW*” alignment tool in MEGA-X. Bootstrap test of phylogeny uses the bootstrap resampling approach,*®*°
is one of the most frequently applied tests for evaluating the accuracy of a reconstructed tree. Using either nucleotides,
codons or amino acids from the sequence, a phylogenetic tree is constructed. For every sequence, the nucleotides,
codons, or amino acids are chosen at random with substitutions, resulting in a new set of sequences. Using the same
approach and new set of sequences, a tree (bootstrap tree) is reconstructed, which is then compared with the original one.
The original tree’s each inner branch, which differs from the bootstrap tree, is assigned a 0 score, while the other
branches are assigned a 1 score. In general, the best bootstrap value for inner branch is considered to be 95% or higher.*’

Using the maximum likelihood method, the phylogenetic tree was constructed.

Protein Structure Prediction and Validation

The unavailability of target proteins’ 3D structure has led to prediction and modeling using computational approaches.

The UniProtKB database*' has been used to retrieve primary sequence along with various primary data of P. stuartii.
Using the target sequence of P. stuartii in BLASTp, known protein template structure was found out from protein data

bank (PDB),** and top 5 hits were taken under consideration for further study. The proteins are subjected to SWISS-

MODEL* for model prediction, freely available at https:/swissmodel.expasy.org.

The modeled structures were validated using various tools available. The QMEAN scoring algorithm was also used to
measure the global and per-residue model quality. Ramachandran plot and Verify 3D were used to validate the three-
dimensional modeled structure by examining the amino acid residue using the SWISS-MODEL server and UCLA-DOE
LAB server (https://saves.mbi.ucla.edu/). Additionally, MD simulations were performed to evaluate the stability and

conformational changes of the proposed models at different time scales. Furthermore, the binding interaction between the
indolone compounds and the modeled targets was achieved for molecular docking.

Binding Site Prediction and Comparative Molecular Docking

The binding and active sites of proteins are often associated with structural pockets and cavities of the protein. In this
study, the binding site prediction of the model protein was performed using the FTMap server** and the CASTp server
(http://sts.bioe.uic.edu/castp)* along with a comprehensive evaluation of the literature.

The docking method is used to anticipate the putative binding characteristics of the ligand—receptor complex. Here,
the compound showing the best ADMET results was docked onto the modeled FabD and FabG proteins using the
CHARMM-based docking software (CDOCKER) of the BIOVIA Discovery Studio v4.5 (DS v4.5).*° The grid-based
molecular dynamics simulated annealing method used in CDOCKER is based on the CHARMM force field. By using
this algorithm, ligands were kept flexible, whereas non-bonded interactions were softened during the docking simulation.
Throughout the entire docking procedure, the protein structure was kept rigid.*’ The modeled protein structures were
optimized and cleaned using the protein preparation module of DS v4.5. CHARMM-based force field (steepest descent
method followed by conjugate gradient) at default mode was employed to optimize the protein models. The active site of
proteins was manually predicted and identified using Edit binding site module of DS v4.5. The docked structure with the
lowest energy was further analyzed using the Discovery Studio Visualizer.

The best docked protein—ligand complex has been further considered as the initial structure for performing the
molecular dynamics simulations for a time interval of 100 ns.
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Molecular Dynamics Simulations

MD simulations were carried out to assess the postulated model’s stability and conformational changes as well as to look
into the protein—ligand connections at various timeframes. A total of 300 ns of simulation time have been performed for this
purpose using the GROMACS 2019.1 package to simulate the modeled FabD and FabG proteins as well as the protein—
ligand complex.*® A methodology similar to the work reported previously has been applied to calculate the force field
parameters of the ligand, as well as setting up of the MD simulation calculation.*” The XMgrace tool was used to construct
the graphs.’®>? Various parameters were used to analyze the results of molecular dynamics simulations generating plots
that include root mean square deviation (RMSD), radius of gyration (Rg), and root mean square fluctuation (RMSF).

Results

Determination of Antimicrobial Activity
Out of the twelve compounds considered, the molecule with aza functionality, i.e., moL12 showed the best activity
against both Gram-negative and Gram-positive bacterial strains, followed by the compounds moL1, moL10 and moL11.
The zones of inhibition of these compounds were considered significant when compared to the standard antibiotic tested
against the strains. The results are presented as resistant, intermediate, or sensitive to the tested compounds as shown in
Table 1.

R, Resistant (ZOI<10); I, Intermediate (10mm<ZOI<25mm); S, Sensitive (ZOI>30mm); *IMP, Imipenem; **DMSO,
Dimethyl sulfoxide.

Minimum Inhibitory Concentration

MIC is defined as the lowest concentration of an antimicrobial agent that visibly inhibits microorganisms after a certain
incubation period. MIC is used to determine the lowest possible concentration of an agent that is being tested as
a potential candidate for an antibiotic. Thus, one can avoid using higher concentrations of a tested compound, which
might become toxic inside a living body at those levels. In this study, moL12 was selected as it showed significantly
better results than the other compounds. For this study, P. vermicola was selected as the test organism. The unique ability
of Providencia species is to deaminate particular amino acids by oxidation into their respective keto and ammonia acids,
which sets them apart from other Enterobacteriaceae family members. More than 80% of human clinical infections,
primarily urinary tract infections, are caused by two species of Providencia, P. stuartii and P. rettgeri, which are naturally
immune to numerous antibiotics, including colistin and tigecycline. In a more recent study, it was found that P. vermicola
also exhibits multi-drug resistance, which is a cause of major concern in terms of clinical significance.® The lowest
concentration or the MIC for moL12 is 10 mg/mL (as shown in Figure 2).

In silico Pharmacokinetic Analysis of the Compounds

ADMET properties of the designed molecules have been evaluated and depicted in Table S1. The molecule 12 (moL12)
shows the best ADMET results. The yellow region of the boiled egg graph depicts whether molecules get through the
blood-brain barrier. The area of the graph that is white represents molecules that are absorbed by the digestive system.
The graph showing the boiled egg indicates that the gastrointestinal tract absorbs moL12 as well as the spider web graph
where the physiochemical space that is best for oral bioavailability is indicated by the colored zone shown in Figure S1(a
and b), respectively, are analyzed from swissADME server.

Target Fishing Using PPl Network

Fatty Acid Biosynthesis Pathway

The survivability of bacteria is dependent on the membrane bound lipid and the adaptive response of the cell’s lipid
composition which can survive a varied range of environment. The membranes resemble the phospholipid bilayer,
usually there is a wide variety of membrane structures but significantly the number of glycerolipids with two fatty acid
chains is in majority. The genes involved in fatty acid chain formation are essential for the growth of bacteria. Thus, fatty

acid biosynthesis (FAB) target pathway is taken under consideration for further exploration.’*
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Figure 2 The above graph depicts the lowest concentration of moL 12 that inhibits the growth of P. vermicola. Here 0 mg/mL represents the dilution well that contained no
traces of the antimicrobial agent and thus can be used as a standard to measure the growth in the other wells.

The fatty acid chains are generated by the type II FAB pathway. This pathway consists of a series of distinct enzymes
in comparison to that of type I synthase seen in mammals. The enzymes associated with the pathway are homologous to
various model organisms of which crystal structures are available, making it easily accessible bioinformatically as they
share the same biochemical activities. Thus, FAB can be a potent target pathway for antibiotic drugs.>® The package Cell
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Figure 3 (a) The complete PPl network of FAB pathway proteins interacting with each other. The green hexagon denotes the nodes and black lines are the edges. (b) The
MCODE results of cluster | are shown in PPl network marked in yellow.
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Designer’’ has been used to create the schematic representation of the pathway. Both reversible and irreversible reactions
were included in the model.

Protein—Protein Interaction Network

For analyzing the importance of FAB pathway, a static network was created using the accessible protein—protein
interaction network data from STRING database for P. stuartii. The network consisted of a total number of 48 nodes
and 245 interactions (as shown in Figure 3a). Using the clustering plugin MCODE taking the degree cut off as 10, four
different clusters were found. A comparison of the clusters showed that cluster 1 (Figure 3b) is having the highest
number of interactions with respect to other 3 clusters. Proteins engaged in the interactions lead to the formation of dense
network, which in turn creates functional systems that aid in cellular activities. Furthermore, removal of these proteins
from the network will lower the interaction along with inhibiting the normal functioning of cellular activities.>®

Network analysis gave a distinct understanding of the interactions between two nodes and their neighbouring nodes. The
crucial proteins in the interaction network were identified by analyzing the topological parameters. Using the Cytohubba
plugin, the best central nodes were identified, and MCC method is used as local centrality test as it is said to be one of the
best method available for figuring out the central node in a network. Similarly, for global centrality test Clo method was
implemented.®' This resulted in three proteins in top 3, FabD, FabG, and FabZ, as shown in Figure S2 a and b. The top 10
proteins of both the tests are mentioned in Tables S2 and S3. The rank results of both tests are compared with MCODE
cluster. The comparison revealed that except FabZ, both FabD and FabG are common in MCODE results, as well as in
cytohubba results. Thus, both are considered as an essential node in the overall FAB network.

Upon further literature survey it was found that FabG, a NADPH-dependent ketoacyl-ACP reductase catalyzes the
first reductase step in each fatty acid production cycle. This FabG gene is usually transcribed with that of upstream genes.
When C-Cm cassette (a transcription terminator) was inserted between FabD and FabG genes, the FabG gene growth and
transcription were inhibited. Thus, showing that FabG is an essential enzyme for cell growth along with FabD acting as
a promoter.”> The FabD protein provides a remarkable catalytic efficiency and transfer a variety of acyl substituents,
which ultimately serve as to fatty acid synthesis a unique motif forming the ® terminus. The active side of FabD provides
specificity towards malonyl-CoA leading to the backbone of amino acid chain.”

Evolutionary Relationship

For both the proteins (FabD & FabG) the top 10 hits from BLASTp were extracted, separately. MEGA-X was used for
alignment as well as phylogenetic tree construction. Multiple sequence alignment was performed using the CLUSTALW
algorithm within the MEGA-X package. For bootstrap, the best model sections for both the proteins FabD & FabG were
calculated. Implementing the maximum likelihood method, the best phylogenetic tree was constructed.

FabD Protein

The model selection analysis was performed by considering statistical method as maximum likelihood and gaps/missing
data treatment as partial deletion with 95% site coverage cut off. This resulted in WAG+G, ie, Whelan and Goldman’
matrix® + Gamma distribution with lowest BIC scores (Bayesian Information Criterion) of 3936.387.°" Meanwhile, the
non-uniformity of evolutionary rates among sites was modeled by using a discrete Gamma distribution (+G).

Using the maximum likelihood tree method, the phylogenetic tree was constructed. The bootstrap method was used
with 1000 as no. of bootstrap replications and WAG+G as the model. The output result showed that the branch P. stuartii
and P. vermicola have the most recent common ancestor with 95 as bootstrap support (as shown in Figure 4), which is
equal to that of the minimum bootstrap support value. Besides this, Providencia rustigianii and Providencia alcalifaciens
also showed 95 bootstrap supports.

FabG Protein

The model selection analysis was done by considering the same parameters as that of FabD protein. The result gave JTT
+G, ie, Jones-Taylor-Thornton®” + Gamma distribution with lowest BIC scores (Bayesian Information Criterion) of
2566.021. Meanwhile, the non-uniformity of evolutionary rates among sites was modeled by using a discrete Gamma
distribution (+G).
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—95: Providencia stuartii
39 Providencia vermicola
—: Providencia burhodogranariea
51 Providencia sneebia

71 pr— Providencia rettgeri
| Providencia huaxiensis

94 Providencia rustigianii
—95: Providencia alcalifaciens
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80 D —— Morganella morganii

Figure 4 Cladogram representing a branched diagram of top 10 BLASTp hits of different species, where P. stuartii, P. vermicola, P. rustigianii and P. alcalifaciens having 95 as
bootstrap support.

_71: Providencia rettgeri
- Providencia rustigianii

Providencia alcalifaciens

63

Providencia sneebia

Providencia burhodogranariea
54 _: Providencia vermicola

97 Providencia stuartii
Moellerella wisconsensis

9% [ Morganella morganii
100 | S Morganella psychrotolerans

Figure 5 Cladogram representing a branched diagram of top 10 BLASTp hits of different species, where P. stuartii, and P. vermicola have bootstrap support of 97, with
Morganella morganii and Morganella psychrotolerans having the highest bootstrap value of 100.

Using the same method, i.e., maximum likelihood tree, the phylogenetic tree was constructed. The bootstrap method
was used with 1000 as no. of bootstrap replications and JTT+G as the model. The output result showed that the branch
P. stuartii and P. vermicola have the most recent common ancestor with 97 as bootstrap support (as shown in Figure 5)
which is above that of the minimum bootstrap support value. Besides this, Morganella morganii and Morganella
psychrotolerans showed bootstrap support of 100.

Analyzing both the cladograms it can be concluded that both protein FabD and FabG of P. stuartii are closely related
with that of P. vermicola and hence can be used as a surrogate against P. vermicola. Our results are further supported by
the fact that genome comparison of both P. vermicola and P. stuartii revealed a proteome similarity of 90.79%.%* Similar
evidence was also observed in another work where P. vermicola type strain in a clade showed 100 bootstrap support in

the strains of both the species P. stuartii and P. thailandensis.*®

Protein Structure Prediction and Validation

In the absence of crystal structure of both the essential proteins FabD & FabG, they were subjected to homology modeling. The
primary sequence of both the proteins were derived. FabD consists of 310 amino acid residues, while FabG consists of 244 amino
acid residues. The primary sequence was used for finding the best template. The top few results of BLASTp for both the proteins
were taken under consideration for modeling. Table 2 shows the top five hits for both the proteins that have been retrieved by the
BLASTp program. A set of 5 structures for both the proteins were modeled. The best models were further evaluated.

FabD Model Validation
The global model quality estimation (GMQE) is used to predict the local distance difference test (IDDT) score.
Estimation of the score is done by integrating target-template alignment and template structural properties. The model
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Table 2 Showing Various Parameters Associated with the Top-Scoring Matches Acquired
Through BLASTp (a) FabD & (b) FabG

(a) FabD
Accession Max Score | Total Score | Query Cover E value Identity
6U0) 466 466 99% 2e-166 76.62%
2GIH 463 463 99% 2e-165 76.55%
IMLA 463 463 99% 2e-165 76.30%
3HOP 438 438 98% 2e-155 74.18%
3H)V 423 423 97% le-149 71.85%

(b) FabG
6T5X 415 415 100% 2e-148 84.02%
6T7M 415 415 100% 4e-148 84.02%
5CDY 412 412 100% le-147 83.61%
6177 409 409 100% 4e-146 83.20%
1101 405 405 100% 7e-145 82.38%

reliability is expressed between the range of 0 and 1, the higher the value, the more reliable the model. From Table S4, it
was found that model 1 has the highest GMQE score of 0.91. The QMEAN score evaluates the model by comparing the
values with high-resolution X-ray crystallography structure. Here, model 1 scored the best out of the other 4 with a value
of 0.66.

The Ramachandran plot value showed that model 1 has more amino acid residues in the allowed region of 5.3% and
less outlier amino acid residues of 0.4%, compared to other models.

Using verify3D, the models were validated by profile score which are based on the atomic coordinates of the
structure. The result almost showed a 100% score for most of the models with >0.2 average 3D-1D score. Models having
positive profile scores are acceptable.

Comparing the results of GMQE, QMEAN, Ramachandran plot, and Verify3D it was found that Model 1 is best fit
model and chosen for further analysis.

FabG Model Validation

Similarly, GMQE is used to predict the local distance difference test (IDDT) score. From Table S5, it was found that models 1,
2 and 3 have the highest GMQE score of 0.90. The QMEAN score evaluates the model by comparing the values with high-
resolution X-ray crystallography structure. Here, model 2 scored the best out of the other 4 with a value of 1.

The Ramachandran plot value showed that model 2 has more amino acid residues in the favoured region of 93.4%
and both Models 2 and 5 have less outlier amino acid residues of 0.0%. Using verify3D, the models were validated by
profile score. The result showed Model 2 has a 90.74% score >0.2 average 3D-1D score. Models having positive profile
scores are acceptable. Comparing the results of GMQE, QMEAN, Ramachandran plot, and Verify3D it was found that
Model 2 is best fit model and chosen for further analysis. For the above data SWISSMODEL & UCLA-DOE LAB
servers have been utilized.

Binding Site Prediction and Molecular Docking

The lack of crystal structures for both the FabD and FabG proteins in P. vermicola led to the need for modeling these
proteins. The FabD protein in P. vermicola shares its highest similarity, approximately 76.62%, with the crystal structure
of malonyl-CoA acyl carrier protein transacylase (FabD) and Acyl Carrier Protein (AcpP) (PDB ID: 6U0J). On the other
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hand, the P. vermicola FabG protein exhibits the highest identity, approximately 84.02%, with the crystal structure of
Salmonella typhimurium FabG bound to NADPH (PDB ID: 6T5X). Although a structural similarity of 76.30% and
84.02%, along with query coverage of 99% and 100%, respectively, suggests a notable resemblance in their overall
structure, it does not guarantee that their binding sites will always be identical or highly similar. Hence, to assess the
similarity of the binding sites more precisely, we conducted more specific analyses using the FTMap server** and the

CASTYp server (http://sts.bioe.uic.edu/castp).*’ Additionally, we conducted a thorough review of the existing literature.

Furthermore, we performed structural superimposition of the modeled structures with their respective template proteins.

The FTMap server predicted that the most active residues (Figure 6) in FabD, Gly 10, Gln 11, Arg 75, His 91, Asn
160, Asn 162, Ser 200, and His 201 are likely to be involved in ligand binding through hydrogen bonds, as indicated in
Figure 6(a). Additionally, the following residues Pro 9, Gly 10, Gln 11, His 91, Met 132, Leu 194, Val 196, etc (in
modeled protein) are expected to participate in non-bonded interactions, as shown in Figure 6(b). Furthermore, on
comparison of these predicted active sites with P. vermicola FabD (UniProt ID: AOASE3VSV0), it was found that Ser 92
and His 201 were reported to be documented as active sites in the UniProt database.

Similarly, for FabG, as depicted (Figure 7), the residues Arg 15, Ile 17, Gly 18, Asn 86, Gly 88, Thr 90, Ser 138, Lyd
155, Gly 182, and Ile 184 are predicted to form hydrogen bonds, while the following residues Gly 12, Arg 15, Gly 16, Ile
17, Gly 18, Asn 86, Ala87, Gly88, Ile 89, Thr 90, Ser 138, Tyr 151, Pro 181, Gly 182, Phe 183, Met 188, etc are
anticipated to engage in non-bonded interactions, as illustrated in Figure 7(a and b), respectively. Likewise, on
comparison of these predicted active sites with P. vermicola FabG (UniProt ID: AOASE3VST2), it was found that Tyr
151 was reported to be documented as an active site in the UniProt database.

We also conducted an analysis of the CastP calculations, which revealed that the most probable binding cavities in FabD
(as shown in Figure 8(a)) have an area of 631.854 A2 and a volume of 677.983 A3. Likewise, for FabG (Figure 8(b)), the
cavity has an area of 157.399 A 2and a volume of 38.861 A 2 The respective residues for both modeled proteins are listed in
Table 3.

The results of structural superimposition revealed that, in the case of FabD and 6U0J, the binding site of the modeled
protein largely retained its original configuration (as illustrated in Figure S3). In contrast, for FabG, it appeared that the

3000 120000
=H-Bonds Non-Bonded Interactions

2500 100000

2000

1500

1000

500 I

. T R R
QQ

| - u (AN
NI SRS AGRS IR IR R L RS & & & & o
*“é‘-x“‘e"oe"qf’e G B L OGS SO S LV LT 2> 0
bv»%%% PP F L v O S S SS F T ELTEES  Pessccess SN, o, SO &8, AR RIS PP
O RTINS FFEPEESTIE ST EL LTS B O R A Y A e e e e
Sequence Sequence

(a) (b)

Figure 6 Binding site of the FabD modeled protein as predicted using the FTMap server. (a) Bar graph shows the contact frequency of H-bonds per residue; (b) bar graph
shows the contact frequency of non-bonded interactions per residue.
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Figure 7 Binding site of the FabG modeled protein as predicted using the FTMap server. (a) Bar graph shows the contact frequency of H-bonds per residue; (b) bar graph
shows the contact frequency of non-bonded interactions per residue.
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(@) (b)

Figure 8 CastP calculations revealed the Binding Cavities in (a) FabD and (b) FabG. The yellow color denoting the binding cavities of the modeled proteins.

binding site had shifted somewhat and had notably reduced in size compared to 6T5X, as depicted in Figure S4.
Nevertheless, these results are consistent with the findings from the FTMap server and CastP server analyses.
Consequently, we selected these cavities as active sites for further docking investigations of the FabD and FabG proteins
in P. vermicola.

The molecular docking of the ligand moL12 with both the modeled proteins FabD and FabG was implemented. The
results showed that moL12 was able to dock onto both the modeled proteins as shown in Figure 9(a and b), with
surrounding residues in Table 4, which were found to be stabilized by forming various non-covalent interactions such as
hydrogen bonds (green), Pi-sigma (lavender), Pi-alkyl (pink), Pi-Sulphur (honey) Pi-anion and Pi-cation (orange) and van
der Waals interactions (mint) from Figure 9(c and d).

Hydrogen bonding interactions and hydrophobic connections mediated by the residue were the primary factors in
stabilizing the complexes. However, from Figure 9(d) apart from the various bonded and non-bonded interactions, one
unfavourable bump and one unfavourable donor—donor interaction are found in the case of moL12 and FabG complex.
The binding energy was also determined from the docked structure, and it was found that the FabD protein docked with
the ligand moL12 showed the best binding energy as shown in Table 4.

It is a fundamental premise in the complex domain of biological systems that molecules cannot occupy within the same
spatial coordinates without experiencing repulsive forces. Because of the electron clouds that surround atoms, unfavorable
steric conflicts or bumps are suggestive of implausible and unrealistic ligand conformations within a binding site. These
repulsive interactions have led us to a discriminating conclusion in the context of our study: it is extremely likely that the
complex containing FabG-moL12, the target protein and ligand, will not retain the stability or feasibility necessary for
a functioning biological interaction. Moreover, both the complexes have shown different binding energy scores.

Table 3 Residues Involved in Ligand Binding for FabD and FabG. This Table Lists the Residues Within the Binding Cavities of FabD and
FabG Modeled Proteins

Protein Residues

FabD PRO 9, GLY 10, GLN 1 1%, GLY 12, SER 13, GLN 14, SER 15, GLU 53, GLU 54, ASN 57, LYS 58, THR 59, THR 62, GLN 63, LEU 66, HIS
91, SER 92, LEU 93, GLU 95, ARG 17, MET 121, MET 132%, ALA 134, ILE 136, VAL 159, ASN 160, PHE 161, ASN 162, SER 163%,
PRO 164, GLY 165, GLN 166%, VAL 167, VAL 168%, ALA 170, LEU 192, LEU 194%, 195 SER, 196 VAL, 198 VAL, SER 200%, HIS
201%*, ASN 231, GLN 250, VAL 255, VAL 280, LEU 281, LEU 284

FabG THR 90%, ARG 91, ASP 92, ASN 93, LEU 94, LEU 95, MET 96, MET 98, GLU 102, ILE 106, ILE 107, GLN 148, ASN 150, TYR |51,
MET 188%, ALA 191, LEU 192, THR 193, GLN 196

Note: *The residues highlighted in bold were found to exhibit significant similarity with the docked complex of both FabD and FabG protein.
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Figure 9 Minimum energy docked pose of moL|2 with (a) FabD, (b) FabG and 2D diagram of moL|2 with (c) FabD, (d) FabG.

From Figure 9 and Table 4, it can be concluded that although moL12 was found to interact with both the modeled
proteins; however, its interaction with FabD is much better as compared to FabG. Certain studies that were previously
conducted have employed docking interactions and binding energy as a screening process for the evaluation of
compounds.®*** Therefore, for the MD simulations, only moL12 in complex with FabD was selected. The docked

structure was taken as the starting conformation for performing the MD simulations.

Table 4 Binding Energy and Binding Site Residues Forming Non-Covalent Interactions

Ligand | Protein CDOCKER Binding Interacting Amino Acid Residues with Non-Covalent Bonds
Energy (kcal/mol) | R
Hydrogen Bonds Pi-Alkyl, Alkyl, Pi-Sulphur, Van der Waals
Pi-Sigma, Pi-Anion, and Interaction
Cation Interaction

molLI12 | FabD —86.5282 GIn |1, Ser 163 Met 132, Leu 194, Val 168 Gln 166, Ser 200, His 201

FabG 495.055 Ser 138, Met 188, Gly | lle 89, Arg 15, lle 17, lle 136, Pro 181, -

88, Thr 90 Lys 155, Asp 187
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Table 5 Different Non-Covalent Interaction Between Binding Site Residues and Protein—Ligand (FabD-moL12) Complex Obtained
from MD Simulation at 100 Ns

Protein-Ligand Hydrogen Bonds Pi-Alkyl, Pi-Donor van der Waals Interactions

Complex Hydrogen Bond

FabD-moL 12 GIn 11, Met 121 Val 168, Ser 92%, GIn 63, | Lys 58, Val 196, Met 132, Ser 163, GIn 166, Asn 162, His 201%, Gly
Ser 200, Asn 57 118, Arg 117, GIn 112, Thr 59

Note: *The residues highlighted in bold are well-documented as the active site according to the UniProt database.

Molecular Dynamics Simulations
Depending on a broad model of the physics driving neighbouring atoms interactions, molecular dynamics (MD)
simulations forecast how each atom in a protein or other molecular structure will interact through time.®®

Three plots of MD simulations with a total duration of 100 ns each were employed to determine the stability and fluctuation
of the protein and the complex. The two native proteins were used as controls, and the best docked position was chosen for the
MD simulation. Separate water simulations were run for each protein. Table 5 lists the many non-covalent interactions for the
docked compound at 100 ns of MD simulations. Upon evaluating the table below, it becomes obvious that residues Ser 92 and
His 201, which are actively participating in non-bonded interactions, showed an identical match with the relevant information
obtained from UniProt data during cross-referencing.

The system’s stability was examined using a variety of other properties.**%°

RMSD

The RMSD (Root Mean Square Deviation) plot comprises of numerous plots that were generated as a result of the MD
simulation, which is a key parameter to consider when analyzing the equilibration of MD trajectories. Protein stability is
determined utilizing this RMSD trajectory. For both the protein structures, together with the docked complex, the RMSD

RMSD
0.5 I

— FabD-native
FabG-native
0.11 — FabD-moL12]

0 ! | |
0 25 50 75 100

Time (ns)

Figure 10 RMSD plot obtained from MD Simulation at a total time interval of 100 ns for the FabG and FabD proteins in their native forms (modeled) and FabD-moL 12
complex. Plots as obtained from MD simulations performed in Gromacs 2019.1 package and analysed using XMgrace software.
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backbone value is computed using a time simulation between 0 and 100 ns. A higher RMSD value suggests that the
protein structure is less stable.

From Figure 10, it can be observed that the RMSD plot of FabG shows a much higher rise as compared to that of
FabD. A sharp peak at the RMSD can be observed for FabG at 0 ns to 25 ns, However, post-30 ns, the protein seems
stable with deviations ranging from 0.40 to 0.49 nm.

For the native FabD protein, the RMSD seems to fluctuate to 70 ns but tends to attain stability post-75 ns with
fluctuations ranging from approx. 0.32 nm to 0.38 nm. However, when moL12 is bound to FabD, the RMSD seems to be
much more stable comparatively, indicating that moL12 provides extra stability to the FabD protein. The protein FabD
seems to attain stability in the presence of moL12 with very little fluctuations ranging from 0.21 to 0.29 nm post-50 ns.
Hence, the RMSD value for the native protein FabG seems much higher than the RMSD value of the native protein FabD
and FabD when in complex with the ligand moL12, which implies that the stability follows the trend of FabD-moL12 >
Native FabD > Native FabG.

Rg (Radius of Gyration)

To comprehend the degrees of compactness of the modeled proteins and the docked complex, the Rg plot was analyzed.
The root mean square distance of a group of atoms from their shared center of mass is recognized as the Rg. As a result,
this report includes with the protein’s total proportions.

The Rg value of native FabG protein was found to be much lower comparatively and is almost constant throughout
the 100 ns simulation with very less deviations as compared to native FabD and the FabD-moL12 complex as shown in
Figure 8. However, in the case of FabD, the Rg in general shows a much higher value as compared to the FabG. This is
probably due to the larger size of FabD protein as compared to FabG. Also, a slight increase in the Rg value from about
45 ns in the FabD native protein can be seen in Figure 11, which tends to attain stability post-60 ns. However, a decrease

Radius of gyration

— FabD-native
FabG-native
— FabD-mol.12

1.75N =]
177 1 | 1 | ! | ! | !
0 20 40 60 80 100

Time (ns)

Figure 11 Rg plot obtained from MD Simulation at a total time interval of 100 ns for the FabG and FabD proteins in their native forms (modeled) and FabD-moL |2
complex. Plots as obtained from MD simulations performed in Gromacs 2019.1 package and analysed using XMgrace software.
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in the Rg value can be clearly seen in FabD-moL12 as compared to native FabD till the end of 100 ns and is almost
constant throughout the 100 ns simulation time.

From this plot, it can be inferred that the native FabD protein structure has a higher Rg value with more deviations than the
FabD-moL12 complex resulting in the following trend in compactness of native FabG > FabD-moL12 > native FabD.

RMSF

As a means of representing the variations in flexibility between residues, the RMSF (Root Mean Square Fluctuation) with
regard to the typical MD simulation conformation is used. For the purpose of examining the flexibility of the backbone
structure, the backbone RMSF of each residue in both the proteins and FabD-moL12 complex was determined. When
compared to its average position, simulations with increased RMSF values reveal more flexible motions, while simula-
tions with lower RMSF values show more constrained displacements.

Root-mean-square fluctuations (RMSF) were computed to comprehend the residue-wise fluctuations of the proteins
across the simulation period (as shown in Figure 12a). Because any significant variations in the flexibility of the
functionally significant residues will affect the operation of FabG and FabD, the RMSF analysis clarifies the fluctuations
of residues and demonstrates their significance. Figure 12b depicts the overall variation of the stretch that contains crucial
FabD residues. Figure 12b shows that the overall variations of the complex’s functionally significant residues in FabD-
moL 12 are comparable to those of the control. However, the highest fluctuation observed at the functionally important
stretch in FabD at 127 position is seen to be much lower when in complex with moL12.
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Figure 12 RMSF plots obtained from MD Simulation at a total time interval of 100 ns. (a) RMSF plot of FabG and FabD proteins in their native forms (modeled) and FabD-
moL 12 complex. (b) RMSF plot of the binding region of FabD protein in its native form (modeled) and when in complex with moL|2. Plots as obtained from MD simulations
performed in Gromacs 2019.1 package and analysed using XMgrace software.
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Figure 13 Graph showing the comparison of time evolution in number (at every 20 ns) of Hydrogen bonds and Hydrophobic interactions of the FabD-moL |2 complex.

Non-Covalent Interactions

The physical organization of life, from small molecules in chemistry to enormous assemblies in living organisms and crystals,
is stabilized in significant part by non-covalent interactions. In addition, ions as well as water-mediated solvation both
contribute significantly to the operation and control of biological systems. Accordingly, one of the key areas of study in the
natural sciences is the intricacies of non-covalent interactions and the function of solvation. Electrostatics, one of these non-
covalent interactions, is particularly important in hydrogen bonding, which is well understood. Pi-anion interactions are less
well understood than the other traditional non-covalent forces like Pi-cation and Pi-Pi interactions.®” "

From Figure 13, where hydrogen and hydrophobic interactions were seen to be prevalent from the preliminary
complex, it is feasible to determine the number of non-bonded contacts between the ligand moL12 and the protein FabD
at intervals of 20 nanoseconds. This suggests that the ligand moL12 continue to achieve stability in the binding cavity.
The amount of hydrogen bonds and hydrophobic contacts of the FabD-moL12 complex thus demonstrated a clear and

significant presence throughout time, contributing to the stability of the complex.

Discussion

The study details a comprehensive research endeavor that delves into the molecular and functional aspects of FabD and
FabG proteins within the Fatty Acid Biosynthesis (FAB) pathway. This study takes a systematic approach, ranging from
assessing antimicrobial activity to molecular dynamics simulations and phylogenetic analyses. The wealth of information
generated through this investigation carries substantial significance in the context of drug development, particularly for
combating multi-drug-resistant pathogens.

The investigation begins with the assessment of twelve compounds, revealing moL12 as the most potent antimicrobial
agent against both Gram-negative and Gram-positive bacterial strains. This is a crucial finding, given the alarming rise in
antibiotic resistance, especially among Providencia species responsible for clinical infections, including urinary tract
infections. The Minimum Inhibitory Concentration (MIC) determination demonstrates that moL12 exhibits considerable
potential as an effective antimicrobial agent, thus, a promising candidate in the battle against challenging pathogens.

Furthermore, the study extends to assess the Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET) properties of the compounds, emphasizing moL12's favorability for oral bioavailability and non-toxicity.

These properties are essential considerations for drug development as they affect a compound’s effectiveness and safety.
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The identification of FabD and FabG as pivotal proteins within the FAB pathway is a pivotal revelation. This
pathway, critical for bacterial survival, has long been recognized as a potent target for antibiotic drug development. The
construction of a protein—protein interaction network highlights the interconnectedness of these proteins and their roles in
cellular function, further underscoring their significance as potential targets for drug development.

The subsequent phylogenetic analysis provides essential insights into the evolutionary relationships between FabD
and FabG proteins across various species. The close evolutionary relationship between FabD and FabG in Providencia
species, particularly P. stuartii and P. vermicola, makes these proteins suitable surrogates for further study. This has
implications not only for understanding the biology of these proteins but also for potential applications in drug discovery.

The study’s core section involves homology modeling, a powerful technique in the absence of crystal structures.
Validation through various parameters demonstrates the selection of the best-fit models. These models are subsequently
employed in binding site prediction and molecular docking studies. The assessment of active residues and binding
interactions provides valuable insights into the ligand—protein relationships. The superior binding energy of moL12 with
FabD compared to FabG hints at moL12’s potential as a drug candidate against the FabD protein.

The Molecular Dynamics (MD) simulations offer a dynamic view of the proteins’ stability and flexibility. RMSD, Rg,
and RMSF plots reveal that the FabD-moL12 complex exhibits enhanced stability and flexibility, essential attributes for
drug—protein interactions. The evaluation of non-covalent interactions, including hydrogen bonds and hydrophobic
contacts, adds another layer of insight into the complex dynamics of the FabD—moL 12 interaction. The favorable profile
of moL12 in these assessments further supports its candidacy as a promising antimicrobial agent.

FabD is an essential enzyme involved in the process of fatty acid synthesis, specifically in bacterial cells.”" It plays
a crucial role in the elongation of fatty acid chains, a fundamental step in the biosynthesis of fatty acids that are essential
for the cell’s structure and various physiological processes. In fatty acid synthesis, FabD serves as an acyl-acyl carrier
protein (ACP) synthetase, which catalyzes the activation of a fatty acid molecule by attaching it to an ACP, an important
carrier protein in the process.”” This activated fatty acid is then ready for further elongation, modification, and eventual
incorporation into complex lipids. The importance of FabD in fatty acid synthesis can be linked to its role in providing
the building blocks for membrane lipids, energy storage, and various cellular functions. Fatty acids are critical
components of phospholipids, which form the lipid bilayer of cell membranes, ensuring their integrity and function.”"
In summary, FabD is an enzyme involved in fatty acid synthesis, particularly in bacterial cells, and plays a crucial role in
the generation of fatty acids used for membrane lipids. Therefore, when an inhibitor (moL12) binds to the active site of
FabD, it may inhibit this crucial protein, leading to disruption or inhibition of bacterial cell wall of the bacteria.

Thus, this multi-faceted study encompassing antimicrobial activity evaluation, ADMET analysis, protein interaction
network construction, phylogenetic analysis, homology modeling, molecular docking, and molecular dynamics simula-
tions represents a holistic approach to studying FabD protein. The findings collectively advance our understanding of this
protein and offer valuable prospects in drug development. Furthermore, the significance of this work is magnified by its
potential applications in addressing the urgent clinical challenge of antibiotic resistance, particularly in Providencia
species. The identified candidate moL12 stands as a promising option for future drug development efforts, bolstered by
its structural and functional characteristics outlined in this study.

Conclusion

In conclusion, this study has successfully explored the potential antimicrobial properties of a set of synthesized C2
quaternary indolinones. Through a series of in vivo antimicrobial experiments, the compound moL12 exhibited promis-
ing inhibitory effects against a range of bacterial strains, with particular potency observed against the multidrug-resistant
P. vermicola. This finding is especially significant, given the escalating global health crisis posed by multidrug-resistant
bacteria, emphasizing the need for novel antimicrobial agents.

Furthermore, the ADMET studies provided valuable insights into the pharmacokinetic properties of moL12, high-
lighting its suitability for further development as a potential therapeutic agent. This supports its potential as a viable
antimicrobial compound for future drug development.

The identification of FabD and FabG as critical protein targets for both P. vermicola and P. stuartii is a noteworthy
revelation, particularly because crystal structures for these proteins are currently unavailable. The subsequent molecular
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modeling and stabilization of these proteins through molecular dynamics simulations enabled the investigation of
moL12's interactions with FabD, revealing its remarkable stability with this target. This suggests that moL12 has the
capacity to disrupt bacterial cell wall formation, given FabD plays a crucial role in the elongation of fatty acid chains,
a fundamental step in the biosynthesis of fatty acids that are essential for the cell’s structure and various physiological
processes. This finding is significant in the context of combating bacterial growth and infection.

The study’s implications extend beyond laboratory research, as it addresses real-world concerns. The fact that
P. vermicola is known to infect fish and insects raises concerns about potential bacterial transmission to humans through
the consumption of these organisms, particularly in regions where they are part of the local diet. Therefore, moL12's
efficacy against this pathogen could have far-reaching implications for food safety and public health.

In summary, this research represents a promising step towards the development of new antimicrobial agents to combat
multidrug-resistant pathogens like P. vermicola and potentially P. stuartii, both of which have clinical and environmental
significance. The discovery of moL12’s antimicrobial properties and its interactions with essential bacterial proteins may
pave the way for innovative strategies to address the global threat of antimicrobial resistance and bacterial transmission
through the food chain.
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