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Abstract

:

Acinetobacter baumannii is a nosocomial pathogen, and its biofilms are tolerant to desiccation, nutrient starvation, and antimicrobial treatment on biotic and abiotic surfaces, tissues, and medical devices. Biofilm formation by A. baumannii is triggered by a quorum sensing cascade, and we hypothesized that fatty acids might inhibit its biofilm formation by interfering with quorum sensing. Initially, we investigated the antibiofilm activities of 24 fatty acids against A. baumannii ATCC 17978 and two clinical isolates. Among these fatty acids, two unsaturated fatty acids, nervonic and oleic acid, at 20 μg/mL significantly inhibited A. baumannii biofilm formation without affecting its planktonic cell growth (MICs were >500 μg/mL) and markedly decreased the motility of A. baumannii but had no toxic effect on the nematode Caenorhabditis elegans. Interestingly, molecular dynamic simulations showed that both fatty acids bind to the quorum sensing acyl homoserine lactone synthase (AbaI), and decent conformational stabilities of interactions between the fatty acids and AbaI were exhibited. Our results demonstrate that nervonic and oleic acid inhibit biofilm formation by A. baumannii strains and may be used as lead molecules for the control of persistent A. baumannii infections.
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1. Introduction


In response to different environmental stimuli, bacteria transition between planktonic and sessile states. Biofilms are matrix-enclosed communities and enable bacteria to resist host defenses and antibiotics [1,2], and thus bacteria in biofilms can endure for extended periods and are difficult to eradicate in hospital settings [1]. Acinetobacter baumannii was ranked by the World Health Organization as a highest priority critical pathogen in 2017 and the most successful multidrug-resistant ESKAPE organism (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, Pseudomonas aeruginosa, Enterobacter organisms) [3,4,5]. Moreover, A. baumannii causes a wide range of infections, including pneumonia, bacteremia, endocarditis, osteomyelitis, meningitis, and severe nosocomial wound infections, urinary tract infections, bloodstream, skin, and other soft tissue infections [6,7,8]. Because A. baumannii possesses an array of acquired antibiotics resistance mechanisms, and as its natural habitat has not been well-defined, the treatment of its infections is challenging. Moreover, 5% to 10% of A. baumannii infections are hospital-acquired infections [4,6].



In A. baumannii, several factors, such as cell density sensing and protein glycosylation systems, nutrients, concentrations of free cations, poly-β-(1-6)-N-acetyl glucosamine extracellular polysaccharide, auto-inducer synthase, and biofilm-associated proteins, are involved in biofilm formation and maturation [1,9]. Furthermore, the expression of usher- chaperone assembly for pili production is responsible for motility and cell attachment and is required for successful biofilm development [10,11]. These virulence determinants help A. baumannii to adhere to eukaryotic cells and abiotic surfaces and promote invasion and eukaryotic cell death [12]. The A. baumannii quorum sensing (QS) system consists of AbaIR and AbaI (acyl homoserine lactone synthase) quorum sensing and its regulator AbaR, which are required for the production and regulation of 3-hydroxy-dodecanoyl-L-homoserine lactone [13,14]. The AbaI and AbaR genes are essential for biofilm formation and motility [15]. However, AbaR is viewed as an important target for A. baumannii biofilm inhibitors [16]. Recently, Tang et al. (2020) reported that the AbaI gene of A. baumannii plays a major role in the development of antibiotic resistance [14]. Additionally, targeting the AHL synthase enzyme AbaI could provide an effective strategy for attenuating virulence in A. baumannii, whereas the receptor AbaR may show unpredictable consequences [17]. As AbaI produces AHLs by incorporating S-adenosyl methionine (SAM) and acyl–acyl carrier proteins [18], the active binding pocket of AbaI with SAM (a natural ligand to AbaI) may open new avenues for the scientific community to search for a QS inhibitor against A. baumannii. Hence, these aforementioned observations suggest that AbaI can be used as a potential molecular target to discover new antibiofilm molecules against the biofilm of A. baumannii.



Fatty acids are widespread in animals, plants, and microbes, and more than 70 naturally occurring fatty acids have been identified to date [19,20]. Furthermore, studies suggest that fatty acids selectively inhibit or disrupt biofilm formation by various microorganisms, including S. aureus, P. aeruginosa, Candida albicans, Serratia marcescens, Burkholderia cenocepacia, and Vibrio spp. [21,22,23,24,25,26,27]. The antimicrobial and antibiofilm activities of fatty acids are largely dependent on the suppressions of quorum sensing genes related to virulence and other non-quorum sensing targets [20]. Although the underlying mechanisms responsible for the biofilm inhibitory effects by fatty acids have remained unclear, it is known that fatty acids act as antibiofilm agents at sub-MIC concentrations, whereas they affect multiple cellular targets and have nonspecific antimicrobial effects at higher concentrations [20]. Fatty acids also have beneficial effects against cancerous cells, neurodegenerative diseases, joint and bone diseases, coronary disease, and even depression [28,29,30]. Interestingly, fatty acids are structurally similar to a bacterial diffusible signaling factor [31], and unsaturated fatty acids such as myristoleic and palmitoleic acid have been reported to prevent the expression of AbaR in A. baumannii [32]. To date, no comprehensive study of A. baumannii AbaI and fatty acids is reported.



By observing the significant roles of AbaI presented above in the biofilm formation of A. baumannii and the role of fatty acids as QS inhibitors in several microorganisms, we hypothesized that these fatty acids may work as potent antibiofilm agents against A. baumannii by binding to the active pocket of AbaI, similar to SAM. To address this hypothesis, we selected 24 fatty acids for an in vitro screening against the biofilm formation of A. baumannii. Further, to confirm the protein binding of AbaI to the best in vitro target molecules, nervonic, oleic, and myristoleic acids were tested by in silico and complex stabilities of AbaI–fatty acids, supported by molecular dynamic simulation, to reveal the molecular mechanism of these fatty acids with AbaI protein. In addition, we performed in vivo cytotoxicity assays with nervonic, oleic, and myristoleic acids in Caenorhabditis elegans.




2. Materials and Methods


2.1. Ethics Statement


All experiments were carried out in accordance with relevant ethical guidelines and regulations. We further confirm that all experiments were either approved by the ethical committee of Yeungnam University or that there were no permission requirements.




2.2. Reagents, Bacterial Culture and Growth Rate Measurements


Chemicals including 24 fatty acids—butanoic acid (C4:0), pentanoic acid (C5:0), hexanoic acid (C6:0), heptanoic acid (C7:0), octanoic acid (C8:0), nonanoic acid (C9:0), decanoic acid (C10:0), undecanoic acid (C11:0), lauric acid (C12:0), myristic acid (C14:0), myristoleic acid (C14:1), palmitic acid (C16:0), cis-9-hexadecenoic acid (C16:1), heptadecanoic acid (C17:0), stearic acid (C18:0), oleic acid (C18:1), petroselinic acid (C18:1), linoleic acid (C18:2), conjugated linoleic acid (C18:2), linolenic acid (C18:3), arachidonic acid (C20:4), erucic acid (C22:1), tricosanoic acid (C23:0), and nervonic acid (C24:1) (Figure 1A)—and crystal violet were purchased from either Sigma-Aldrich (St. Louis, MO, USA), Cayman Chemicals (Ann Arbor, MI, USA), or TCI Co. (Tokyo, Japan). A. baumannii ATCC 17978 was acquired from American Type Culture Collection (ATCC), and two other clinical isolates of A. baumannii (ATCC BAA 1709 and A 550) [33], isolated from burn patients at the National Rehabilitation Institute of Mexico, were obtained as a gift from Prof. Garcia Contreras Rodolfo, UNAM, Mexico. For all experiments, A. baumannii strains were cultured under aerobic conditions at 37 °C in tryptic soy broth (TSB; Becton Dickinson, Sparks, MD, USA). Fatty acids were dissolved in dimethyl sulfoxide (DMSO). DMSO (0.1% (v/v)) was used as the negative control; at this concentration, it did not affect bacterial growth or biofilm formation.



Initially, bacterial strains were taken from −80 °C glycerol stock and streaked onto tryptic soy agar plates. Single fresh colonies were inoculated into TSB (2 mL) in 14 mL round bottom tubes and incubated at 37 °C and 250 rpm. For cell growth experiments, bacteria were reinoculated in 96-well plates containing TSB medium (1:100 dilution) and treated with or without nervonic, oleic, or myristoleic acid (positive control) at 20 µg/mL and incubated at 37 °C for 24 h. Growth was assessed by spectrophotometry at OD620. The minimum inhibitory concentrations (MICs) of fatty acids were determined as per CLSI guidelines [34]. Results quoted are the averages of at least two independent cultures.




2.3. In Vitro Screening of Fatty Acids against A. baumannii Biofilm


Overnight cultures of A. baumannii were inoculated at a dilution of 1:100. All 24 fatty acids were initially tested at 100 μg/mL for antibiofilm activity. Static biofilms were prepared in 96-well polystyrene plates (COSTAR, Corning Incorporated, Kennebunk, ME, USA), as previously reported [35]. Briefly, cells were inoculated into TSB (total volume 300 μL) and cultured with or without nervonic, oleic, or myristoleic acid at 0, 5, 10, or 20 μg/mL for 24 h without shaking at 37 °C. Biofilms formed were stained with 0.1% crystal violet and dissolved in 95% ethanol. Absorbances were measured at OD570 to quantify total biofilm formations. Results are the average absorbances of at least six replicate wells.




2.4. Measurements of Surface Motility


Tryptone yeast extract (TYE) agar plates were pierced to plate bottoms with pipettes containing 1 µL of overnight cultures. The agar plate contained 0.4% agarose, 1% tryptone, and 0.5% yeast extract. Motilities were measured in the presence or absence of nervonic, oleic, or myristoleic acid at concentrations of 10 and 20 µg/mL, respectively. Plates were incubated for 24 h at 37 °C, and the diameters of halos produced by cells traveling across agar surfaces were measured [35]. Measurements were taken from at least three independent cultures.




2.5. Microscopic Architecture of A. baumannii Biofilm


Scanning electron microscopy was used to examine biofilms on nylon membranes, as previously described [36]. Briefly, a nylon membrane was cut into 0.5 × 0.5 cm pieces and pieces were placed in 96-well plates containing A. baumannii grown in TSB medium with or without nervonic, oleic, or myristoleic acid (20 μg/mL) and incubated for 24 h at 37 °C. Cells that adhered to nylon membranes for 24 h were fixed with glutaraldehyde (2.5%) and formaldehyde (2%), postfixed using osmium tetroxide, and dehydrated using an ethanol series (50%, 70%, 80%, 90%, 95%, and 100%) and isoamyl acetate. After critical-point drying, cells were sputter-coated with palladium/gold and imaged using an S-4100 scanning electron microscope (Hitachi, Tokyo, Japan) at a voltage of 15 kV.




2.6. Assessment of the Cytotoxicity of Fatty Acids against C. elegans


C. elegans assays were performed as reported previously [19]. In brief, noninfected C. elegans fer-15; fem-1 worms (n = ~ 20–30) were pipetted into single wells of a 96-well plate suspended in M9 buffer. Nervonic, oleic, or myristoleic acid (50 µg/mL) was then added to a final volume of 300 µL. Nematodes were incubated for 4 days at 25 °C, and viabilities were determined using an iRiSTM Digital Cell Imaging System (Logos BioSystems, Anyang, Korea) by exposing worms to LED or UV LED light for 10–30 s.




2.7. Homological Modeling of Three-Dimensional Protein Structure


Homology modeling is used to build 3D structures of proteins to investigate protein–ligand interactions. The amino acid sequence of AbaI shown in the Supplementary Materials was adopted from the GenBank database under accession no. EU334497 [13] and was used for the homological modeling of AbaI using the Schrodinger [37] and Swiss [38] models, because the protein structure of AbaI was not available as a 3D structure in pdb format. Similarly, Smith et al. also reported the genome of Acinetobacter baumannii ATCC 17978, which showed 96% identity (GenBank accession number NC_009085.1) with the AbaI template of Acinetobacter baumannii M2 [13,39].




2.8. Three-Dimensional Structure Validation of Model Protein


To evaluate the quality of the model, it is essential to know whether built-up protein has a good-quality model. The validation of the structure of the constructed AbaI was analyzed using Ramachandran plots. The Ramachandran plot (Supplementary Figure S1B) showed that the constructed protein had 93.2% of residues in the more favorable region, 6% in allowed regions, and only 0.8% in disallowed regions, which indicated that the homological model of the constructed protein was of good quality.




2.9. Ligands and Acyl Homoserine Lactone Synthase Protein Collection


We used the protein preparation wizard tool in the Schrodinger suite to refine the protein structure of AbaI obtained by homological modeling, and essential hydrogens were added. In addition, the 2D structures of nervonic, oleic, and myristoleic acid were downloaded in simulation description format (SDF) from PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed on 14 October 2020).




2.10. Preparation of Ligands and Computational Screening


Ligand structures were prepared using LigPrep tools in the Schrodinger suite and optimized for minimum energy using the density functional theory (DFT) approach [40,41]. Conformations and bond orders were minimized and refined using the OPLS 2005 force field [42]. Prepared ligands were subjected to analysis for computational screening with the active binding pocket of AbaI. Initially, the binding active pocket of AbaI was predicted by the CASTp server [43]. Furthermore, the CASTp server-predicted active binding site of AbaI was made into a grid for the re-confirmation of the active binding pocket of protein by the VINA random method, with 25 runs between the ligand and AbaI. Later, the predicted active site was assigned for a final grid by molecular screening by treating drug molecules as rigid entities and the receptor as a flexible entity [44,45]. To ensure the reliability, validity, and reproducibility of docking results, molecular docking was performed using AUTODOCK [46] and VINA [47]. Binding energies and interactions between nervonic, oleic, or myristoleic acid and AbaI were determined using a computational approach, as previously described [46]. Further, a comparative molecular docking study was employed using SAM (natural ligand to AbaI) (positive control) and two non-active fatty acids, linolenic acid or tricosanoic acid, with the same assigned active site of AbaI protein to confirm the conformation binding of these molecules. BIOVIA Discovery Studio Visualizer was used to capture interactions between fatty acids and AbaI.




2.11. Estimation of ADME Property of Assigned Fatty Acids


The drug-likeness parameters of selected fatty acids were evaluated using the Schrodinger ADME prediction tool and Swiss ADME. According to the Lipinski rule, an orally active pharmaceutical agent should have a molecular weight ≤500 g/mol, a Log P of ≤5, ≤5 hydrogen bond-donating atoms, ≤10 hydrogen-bond-accepting atoms, and a topological polar surface of ≤140 [48]. Drug-likeness analysis suggested that nervonic, oleic, or myristoleic acid followed the considerable range of the Lipinski rule.




2.12. Molecular Dynamic (MD) Simulations and Energy Calculations


We performed an explicit solvent MD simulation in water with nervonic, oleic, or myristoleic acid complexes with AbaI protein using YASARA dynamic software, as previously reported [49,50]. Briefly, a periodic simulation cell boundary size of X = 61.30 Å, Y = 82.84 Å, and Z = 52.14 Å was assembled around the entire complex system and occupied with explicit water with a density of 0.997 g/L. Cl and Na ions were arbitrarily employed to attain charge neutrality. Pka values were employed for the side chains of Asp, His, Glu, and Lys residues [51]. The AMBER14 molecular dynamic force field was selected under physiological conditions of 298 K, 0.9% NaCl, and pH 7.4 [52]. Further, system energies were minimized initially by steepest descent minimization [53]. MD simulation runs of more than 100.3 ns for all targeted fatty acids were implemented at constant temperature and pressure, and all trajectories were saved each 250 ps for further analysis. These trajectories were examined by the YASARA template files, namely “md_analysis.mcr” and “md_analyzebindenergy.mcr” [49]. The root mean square deviations (RMSDs) and binding energies of complexes were calculated and represented graphically using Sigma Plot 10.0. Nervonic, oleic, and myristoleic acid with AbaI binding conformations were represented with Discovery Studio visualization software.




2.13. Statistical Analysis


Replication numbers for assays are provided above, and results were expressed as means ± standard deviations. The statistical analysis was performed by a one-way ANOVA followed by Dunnett’s test using SPSS version 23 (SPSS Inc., Chicago, IL, USA). p values of <0.05 were considered significant. Asterisks are used to denote significant differences between treated and untreated samples.





3. Results


3.1. In Vitro Validation of Antibiofilm Activity of Fatty Acids against A. baumannii


The antibiofilm potencies of the 24 fatty acids at 100 μg/mL (Figure 1A) were initially investigated on A. baumannii ATCC 17978 and two clinical isolates (BAA 1709 and A 550). In the initial screening, six fatty acids—decanoic, myristoleic, petroselinic, palmitoleic, oleic, and nervonic acid—displayed antibiofilm activities against A. baumannii ATCC 17978. Although slightly different responses were observed between strains, ATCC 17978 and BAA 1709 appeared to be more susceptible to the cis configuration middle and long-chain fatty acids (≤10 carbon atoms). Previously, it was reported that myristoleic and palmitoleic acid decreased A. baumannii ATCC 17978 biofilm formation [32], which was consistent with the results observed in this study. Notably, the long chain unsaturated nervonic acid inhibited 47%, 52%, and 45% of biofilm formation against A. baumannii ATCC 17978, BAA 1709 and A 550, respectively (Figure 1A).



Nervonic, oleic, and myristoleic acid dose-dependently inhibited biofilm formation for all three A. baumannii strains. For example, nervonic, oleic, and myristoleic acid (positive control) at 20 μg/mL inhibited biofilm formation by A. baumannii ATCC 17978 by up to 57%, 16%, and 7%, respectively (Figure 1B). Similar results were observed for the two clinical isolates (Figure 1C,D). Planktonic cell growths were measured to investigate the antimicrobial activities of the three fatty acids (Figure 2A). None of the three fatty acids inhibited the planktonic growth of A. baumannii at 20 μg/mL, and their minimum inhibitory concentrations (MICs) were all above 500 μg/mL. These results showed that three fatty acids only prevented biofilm formation by A. baumannii strains at sub-inhibitory concentrations, indicating nervonic and oleic acid may be less prone to the development of drug resistance in A. baumannii.




3.2. Nervonic Acid Impaired A. baumannii Motility


We also examined whether the three fatty acids inhibited other quorum sensing-regulated phenomena, such as motility. The surface motility of A. baumannii ATCC 17978 on 0.4% agarose was assessed by measuring mean halo diameters, and after 24 h, these were 1.9 ± 0.1, 2.4 ± 0.2, and 2.2 ± 0.4 cm for nervonic, oleic, and myristoleic acid, respectively, at a concentration of 20 μg/mL and 6.5 ± 0.5 cm for non-treated controls (Figure 2B). This is interesting since pili play a role both in biofilm formation and motility, which were inhibited by nervonic and oleic acid.




3.3. Microscopic Observations of Biofilm Inhibition by A. baumannii


The biofilm inhibitory activities of nervonic, oleic, and myristoleic acid (positive control) at 20 μg/mL against A. baumannii ATCC 17978 were also examined by SEM. Fully grown biofilms containing bacterial cells embedded in an exopolysaccharide (EPS) matrix on nylon membranes were observed in the absence of fatty acids (None) (Figure 2D). EPS formation decreased in the presence of nervonic or oleic acid to a greater extent than in the presence of myristoleic acid, and the observed biofilm inhibition was in line with the results of the crystal violet biofilm formation assay (Figure 1B). Interestingly, nervonic acid treatment caused dents on cell surfaces (Figure 2D), while oleic and myristoleic acid slightly reduced cell aggregation with few dents.




3.4. Cytotoxicity of Fatty Acids in the Nematode Caenorhabditis elegans


We conducted an in vivo study to investigate the cytotoxic activities of nervonic, oleic, and myristoleic acid using a C. elegans model. This nematode model is widely used to identify the toxicity of chemicals. After a trial for 4 days, nervonic, oleic, and myristoleic acid-treated nematodes showed no chemical toxicity and displayed similar trends to the non-treated controls (Figure 2C), confirming that nervonic and oleic acid were non-toxic to worms.




3.5. Molecular Docking of Fatty Acids with AbaI and Estimation of Molecular Interactions


Molecular docking was carried out to investigate the interactions of nervonic, oleic, and myristoleic acid with homologized AbaI protein (Supplementary Figure S1A). Additionally, absorption, distribution, metabolism, and excretion (ADME) analysis was performed to analyze the pharmacokinetic profile of nervonic, oleic, and myristoleic acid, with pharmacokinetic parameters shown to be in a decent range as described by the Lipinski rule [48] (Supplementary Table S1, Supplementary Figure S1C–E). The binding domain of the active pocket of AbaI was confirmed using the CASTp server (Figure 3A,B), and random 25 docking with AbaI was carried out to re-confirm the accuracy of the active pocket predicted by the CASTp server (Figure 3C). The binding affinities of nervonic, oleic, and myristoleic acid with the predicted active binding site of AbaI fell in the range −5.0 to −5.9 kcal/mol (AUTODOCK). Redocking studies using VINA produced similar binding energies (Table 1). Nervonic acid exhibited a binding energy of −5.3 kcal/mol, with the active binding domain of AbaI being similar to the previously reported antibiofilm myristoleic acid, with −5.9 kcal/mol binding energy [32]. Furthermore, SAM as a positive control was used and showed a conformational binding energy of about −6.7 kcal/mol, while two non-active fatty acids, linolenic or tricosanoic acid, exhibited inferior binding conformation with AbaI (−4.7 and −4.8 kcal/mol respectively) (Table 1) (Supplementary Figure S2). Nervonic acid formed seven π–π bonds with amino acid residues of AbaI and formed a conformation binding like SAM, interacting with Leu31, Pro149, Tyr175, and Met177 of AbaI (Figure 4A). In contrast, oleic acid had a binding energy of −5.07 kcal/mol, formed four π–π bonds with AbaI, and also interacted with Ile172, Tyr175, and Met177, similar to nervonic acid and SAM (Figure 4B). However, myristoleic acid formed two π–π bonds and two hydrogen bonds with Val26, Tyr30, Phe109, and Ser117 amino acid residues of AbaI (Figure 4C). Among these four residues, none of them were similar to SAM docking. Overall, the comparative results of the molecular docking of nervonic acid and oleic acid were found to be more coherent than for non-active linolenic or tricosanoic acid. Additionally, the common amino acid binding shows that nervonic acid and oleic acid bind with similar binding pockets to SAM.




3.6. Conformational Stability of Fatty Acids with AbaI by Molecular Dynamic (MD) Simulation


The motions and conformation stabilities of AbaI with nervonic, oleic, and myristoleic acid complexes were evaluated under solution conditions by MD simulation. Complexes with high binding energy were estimated to reveal the amino acid interactions of ligands over time. Generated trajectories were analyzed to determine ligand binding energies and root-mean-square deviations (RMSDs) of ligand–receptor complexes over a time of 100.3 ns. The average binding energies of nervonic (Figure 5A), oleic (Figure 5B), and myristoleic acid (Figure 5C) were found to be 126.52, 95.93, and 125.24 kcal/mol, respectively. These positive binding energies suggested that nervonic acid binds strongly compared to oleic and myristoleic acid with AbaI protein throughout MD runs. The RMSD of the nervonic acid–AbaI complex (Figure 5D) exhibited equilibrium trajectories after 2000 ps, while oleic (Figure 5E) and myristoleic acid (Figure 5F) showed equilibrium trajectories after 3000 and 2100 ps, respectively. However, the nervonic acid–AbaI complex showed better complex conformational stability during 100.3 ns MD runs than oleic or myristoleic acid. In addition, the initial position of nervonic acid (Figure 5G) in its complex with AbaI was more similar to its final position after 100.3 ns MD simulation than oleic (Figure 5H) or myristoleic acid (Figure 5I).




3.7. Plausible Mechanism for the Inhibition of A. baumannii Quorum Sensing by Nervonic Acid


The A. baumannii QS system requires AbaI and AbaR, which are homologous to the LuxIR system present in other Gram-negative bacteria. AbaI is encoded by the AbaI gene and functions as an autoinducer synthase to produce AHL compounds. Autoinducer synthase enzymes utilize SAM, which binds to acyl–acyl carrier protein (ACP) by forming an amide bond between the amino group of homocysteine and the acyl group of ACP to produce AHL compounds, subsequently resulting in the release of methylthioadenosine [54,55]. Lux-box (CTGTAAATTCTTACAG) is located 67 bp upstream of the AbaI gene start codon and is the binding site responsible for the production of structurally different AHL compounds in a positive feedback loop manner by AbaI and acyl transferases [13,14,56]. AbaR functions as receptor protein for the AHL compound, and the binding induces a cascade of reactions [18]. The AbaI gene product AbaI is essential for A. baumannii biofilm formation and motility [13,14,17].



Structural similarities between nervonic, oleic, and myristoleic acid, the potent ability of myristoleic acid to interfere with the QS system [14,31,32], and our computational study and in vitro antibiofilm activity results for nervonic and oleic acid collectively suggest that these fatty acids might block AbaI protein (Figure 6) by binding with Leu31, Pro149, Ile172, Tyr175, and Met177 of AbaI, leading to the eradication of biofilm formation by A. baumannii.





4. Discussion


Fatty acids are ubiquitous amphiphilic molecules with a long carbon chain and terminal carboxyl group and are considered prospective contenders for use against recalcitrant pathogens [20]. Here, we report the biofilm inhibitory capacities of a series of fatty acids against the clinically relevant biofilm-forming bacterial pathogen A. baumannii. Among the tested 24 fatty acids, nervonic and oleic acid most efficiently reduced in vitro biofilm formation by three A. baumannii strains (Figure 1A–D). Nicole et al. (2018) reported that myristoleic acid at 20 μg/mL inhibited A. baumannii biofilm formation by 28% [32], while we found that myristoleic acid inhibited biofilm formation by 7% at the same concentration. Furthermore, myristoleic and palmitoleic acid impeded the motility of A. baumannii [32], which is interesting as pili play a role in biofilm formation and motility. In our study, motility was significantly reduced by nervonic acid as compared to oleic or myristoleic acid (Figure 2B). A. baumannii biofilm formation and motility depend on the synthesis of pili and are associated with type IV pili [10,11], which are structures assembled by CsuA/BABCDE, the pilus usher–chaperone secretion system under the control of A1S_2811 [57], and the AbaI-dependent quorum sensing pathway [57,58,59]. Thus, these comparative observations of the biofilm and motility inhibition of A. baumannii suggested that nervonic and oleic are leading molecules for further investigation. In addition, to reveal the plausible molecular mechanism of these fatty acids with AbaI protein, molecular docking was carried out, and we found that these fatty acids bind with AbaI via common amino acids Leu31, Pro149, Ile172, Tyr175, and Met177, indicating that these essential amino acids are the key residues for binding with the active pocket domain of AbaI. As a previous report suggests that SAM and acyl–acyl carrier protein substrates are essential for the synthesis of the auto-inducers (AHLs) [18], inspired by the significant role of SAM, we proposed that similar binding ligands to SAM with AbaI might work as a barrier for the synthesis of AHLs, leading to the inhibition of biofilm formation and virulence. In this regard, we searched for ligands which have the same binding conformation with AbaI, and the outcomes of the conformational binding of SAM with AbaI and their amino acid residues were similar to those of our tested binding of SAM with AbaI (Table 1), confirming the same conformational binding of nervonic and oleic acid to AbaI [60]. Among the bound amino acid residue of nervonic acid, four amino acid residues (Leu31, Pro149, Tyr175, and Met177) matched with those of SAM, and three amino acid residues (Ile172, Tyr175, and Met177) of oleic acid docking matched with SAM. Thus, similar to SAM, the binding conformation of nervonic and oleic acid with AbaI suggest that these fatty acids are possible lead molecules to design a potent AbaI inhibitor against A. baumannii. Further, the stabilities of complexes of these fatty acids with AbaI in MD simulation supported our hypothesis that nervonic acid specifically has better conformational stability and strongly binds with AbaI protein compared to oleic or myristoleic acid, along with presenting a similar initial and final position throughout MD runs (Figure 5). Hence, it can be suggested that the nervonic or oleic acid–AbaI complex might hamper the production of AHL molecules, disrupt the quorum sensing cascade, and render A. baumannii in the planktonic cell stage.




5. Conclusions


At present, novel antivirulence agents are required to address the challenges posed by drug-resistant microorganisms. In this regard, we addressed the screening of fatty acids against the biofilm of A. baumannii using in silico and in vitro approaches, which collectively suggested that nervonic and oleic acid act as suppressors of AbaI protein in A. baumannii and of biofilm formation without killing bacteria or C. elegans. The remarkable conformational stability of nervonic and oleic acid with AbaI protein helped us to understand the molecular mechanism of the biofilm inhibition of A. baumannii via AbaI deactivation. Additionally, the in vivo safety profiles and in vitro antibiofilm potencies of nervonic and oleic acid suggested that these molecules might be considered to treat persistent infections either singly or in combination as adjunctive treatments. This binding of fatty acids to AHL synthase through molecular simulation studies will help researchers to design or find new biomolecules targeting the QS network.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biomedicines9091133/s1, Amino acids sequence, Supplementary Figure S1: Homological modeling of acyl-homoserine-lactone synthase, Supplementary Table S1: Various physicochemical parameters of fatty acids to reveal the possible ADME properties, Supplementary Figure S2: Ligands with AbaI receptor protein interactions of S-adenosyl methionine (A), linolenic (B), and tricosanoic acid (C), References.





Author Contributions


Conceptualization, S.K.K., V.R. and J.L.; methodology, S.K.K., J.-H.L. and V.R.; software, S.K.K. and V.R.; validation, S.K.K., V.R., J.-H.L. and J.L.; formal analysis, S.K.K., V.R., J.-H.L. and Y.-G.K.; investigation, S.K.K., V.R., J.-H.L. and Y.-G.K.; resources, J.L.; data curation, S.K.K., V.R. and J.L.; writing manuscript, S.K.K., V.R. and J.L.; visualization, S.K.K., V.R. and J.L.; supervision, J.L.; project administration, J.-H.L. and J.L.; funding acquisition, J.-H.L. and J.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Priority Research Centers Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (Grant no. 2014R1A6A1031189) and by the Basic Science Research Program through the NRF funded by the Ministry of Education (Grant no. 2021R1I1A3A04037486) and by a NRF grant funded by the Korea government (MSIT) (Grant no. 2021R1A2C1008368).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rumbo-Feal, S.; Gomez, M.J.; Gayoso, C.; Alvarez-Fraga, L.; Cabral, M.P.; Aransay, A.M.; Rodriguez-Ezpeleta, N.; Fullaondo, A.; Valle, J.; Tomas, M.; et al. Whole transcriptome analysis of Acinetobacter baumannii assessed by RNA-sequencing reveals different mRNA expression profiles in biofilm compared to planktonic cells. PLoS ONE 2013, 8, e72968. [Google Scholar] [CrossRef]

	



Quintieri, L.; Caputo, L.; Monaci, L.; Cavalluzzi, M.M.; Denora, N. Lactoferrin-derived peptides as a control strategy against skinborne Staphylococcal biofilms. Biomedicines 2020, 8, 323. [Google Scholar] [CrossRef]

	



Eder, A.E.; Munir, S.A.; Hobby, C.R.; Anderson, D.M.; Herndon, J.L.; Siv, A.W.; Symes, S.J.K.; Giles, D.K. Exogenous polyunsaturated fatty acids (PUFAs) alter phospholipid composition, membrane permeability, biofilm formation and motility in Acinetobacter baumannii. Microbiology 2017, 163, 1626–1636. [Google Scholar] [CrossRef] [PubMed]

	



Kroger, C.; MacKenzie, K.D.; Alshabib, E.Y.; Kirzinger, M.W.B.; Suchan, D.M.; Chao, T.C.; Akulova, V.; Miranda-CasoLuengo, A.A.; Monzon, V.A.; Conway, T.; et al. The primary transcriptome, small RNAs and regulation of antimicrobial resistance in Acinetobacter baumannii ATCC 17978. Nucleic Acids Res. 2018, 46, 9684–9698. [Google Scholar] [CrossRef] [PubMed]

	



Petrillo, G.; Tavani, C.; Bianchi, L.; Benzi, A.; Cavalluzzi, M.M.; Salvagno, L.; Quintieri, L.; De Palma, A.; Caputo, L.; Rosato, A.; et al. Densely functionalized 2-Methylideneazetidines: Evaluation as antibacterials. Molecules 2021, 26, 3891. [Google Scholar] [CrossRef] [PubMed]

	



De Silva, P.M.; Chong, P.; Fernando, D.M.; Westmacott, G.; Kumar, A. Effect of incubation temperature on antibiotic resistance and virulence factors of Acinetobacter baumannii ATCC 17978. Antimicrob. Agents Chemother. 2018, 62, e01514–e01517. [Google Scholar] [CrossRef]

	



Kadam, S.; Shai, S.; Shahane, A.; Kaushik, K.S. Recent advances in non-conventional antimicrobial approaches for chronic wound biofilms: Have we found the ‘chink in the armor’? Biomedicines 2019, 7, 35. [Google Scholar] [CrossRef]

	



Bahamondez-Canas, T.F.; Heersema, L.A.; Smyth, H.D.C. Current status of in vitro models and assays for susceptibility testing for wound biofilm infections. Biomedicines 2019, 7, 34. [Google Scholar] [CrossRef]

	



Tiwari, V.; Patel, V.; Tiwari, M. In-silico screening and experimental validation reveal L-Adrenaline as anti-biofilm molecule against biofilm-associated protein (Bap) producing Acinetobacter baumannii. Int. J. Biol. Macromol. 2018, 107, 1242–1252. [Google Scholar] [CrossRef] [PubMed]

	



Harding, C.M.; Tracy, E.N.; Carruthers, M.D.; Rather, P.N.; Actis, L.A.; Munson, R.S., Jr. Acinetobacter baumannii strain M2 produces type IV pili which play a role in natural transformation and twitching motility but not surface-associated motility. mBio 2013, 4, e00360-13. [Google Scholar] [CrossRef]

	



Clemmer, K.M.; Bonomo, R.A.; Rather, P.N. Genetic analysis of surface motility in Acinetobacter baumannii. Microbiology 2011, 157, 2534–2544. [Google Scholar] [CrossRef]

	



Eijkelkamp, B.A.; Stroeher, U.H.; Hassan, K.A.; Elbourne, L.D.; Paulsen, I.T.; Brown, M.H. H-NS plays a role in expression of Acinetobacter baumannii virulence features. Infect. Immun. 2013, 81, 2574–2583. [Google Scholar] [CrossRef] [PubMed]

	



Niu, C.; Clemmer, K.M.; Bonomo, R.A.; Rather, P.N. Isolation and characterization of an autoinducer synthase from Acinetobacter baumannii. J. Bacteriol. 2008, 190, 3386–3392. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Chen, Y.; Wang, X.; Ding, Y.; Sun, X.; Ni, Z. Contribution of the AbaI/AbaR quorum sensing system to resistance and virulence of Acinetobacter baumannii clinical strains. Infect. Drug Resist. 2020, 13, 4273–4281. [Google Scholar] [CrossRef] [PubMed]

	



Bhargava, N.; Sharma, P.; Capalash, N. Quorum sensing in Acinetobacter: An emerging pathogen. Crit. Rev. Microbiol. 2010, 36, 349–360. [Google Scholar] [CrossRef] [PubMed]

	



Oh, M.H.; Han, K. AbaR is a LuxR type regulator essential for motility and the formation of biofilm and pellicle in Acinetobacter baumannii. Genes Genom. 2020, 42, 1339–1346. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Ni, Z.; Tang, J.; Ding, Y.; Wang, X.; Li, F. The abaI/abaR quorum sensing system effects on pathogenicity in Acinetobacter baumannii. Front. Microbiol. 2021, 12, 679241. [Google Scholar] [CrossRef]

	



Saipriya, K.; Swathi, C.H.; Ratnakar, K.S.; Sritharan, V. Quorum-sensing system in Acinetobacter baumannii: A potential target for new drug development. J. Appl. Microbiol. 2020, 128, 15–27. [Google Scholar] [CrossRef]

	



Lee, J.H.; Kim, Y.G.; Khadke, S.K.; Lee, J. Antibiofilm and antifungal activities of medium-chain fatty acids against Candida albicans via mimicking of the quorum-sensing molecule farnesol. Microb. Biotechnol. 2020, 14, 1353–1366. [Google Scholar] [CrossRef]

	



Kumar, P.; Lee, J.H.; Beyenal, H.; Lee, J. Fatty acids as antibiofilm and antivirulence agents. Trends Microbiol. 2020, 28, 753–768. [Google Scholar] [CrossRef]

	



Kim, Y.G.; Lee, J.H.; Raorane, C.J.; Oh, S.T.; Park, J.G.; Lee, J. Herring oil and omega fatty acids inhibit Staphylococcus aureus biofilm formation and virulence. Front. Microbiol. 2018, 9, 1241. [Google Scholar] [CrossRef]

	



Inoue, T.; Shingaki, R.; Fukui, K. Inhibition of swarming motility of Pseudomonas aeruginosa by branched-chain fatty acids. FEMS. Microbiol. Lett. 2008, 281, 81–86. [Google Scholar] [CrossRef]

	



Murzyn, A.; Krasowska, A.; Stefanowicz, P.; Dziadkowiec, D.; Lukaszewicz, M. Capric acid secreted by S. boulardii inhibits C. albicans filamentous growth, adhesion and biofilm formation. PLoS ONE 2010, 5, e12050. [Google Scholar] [CrossRef] [PubMed]

	



Ramanathan, S.; Ravindran, D.; Arunachalam, K.; Arumugam, V.R. Inhibition of quorum sensing-dependent biofilm and virulence genes expression in environmental pathogen Serratia marcescens by petroselinic acid. Antonie Van Leeuwenhoek 2018, 111, 501–515. [Google Scholar] [CrossRef] [PubMed]

	



Cui, C.; Song, S.; Yang, C.; Sun, X.; Huang, Y.; Li, K.; Zhao, S.; Zhang, Y.; Deng, Y. Disruption of quorum sensing and virulence in Burkholderia cenocepacia by a structural analogue of the cis-2-dodecenoic acid signal. Appl. Environ. Microbiol. 2019, 85, e00105–e00119. [Google Scholar] [CrossRef] [PubMed]

	



Impallomeni, G.; Ballistreri, A.; Carnemolla, G.M.; Guglielmino, S.P.; Nicolo, M.S.; Cambria, M.G. Synthesis and characterization of poly(3-hydroxyalkanoates) from Brassica carinata oil with high content of erucic acid and from very long chain fatty acids. Int. J. Biol. Macromol. 2011, 48, 137–145. [Google Scholar] [CrossRef]

	



Coraça-Huber, D.C.; Steixner, S.; Wurm, A.; Nogler, M. Antibacterial and anti-biofilm activity of omega-3 polyunsaturated fatty acids against periprosthetic joint infections-isolated multi-drug resistant strains. Biomedicines 2021, 9, 334. [Google Scholar] [CrossRef]

	



Chanda, W.; Joseph, T.P.; Padhiar, A.A.; Guo, X.; Min, L.; Wang, W.; Lolokote, S.; Ning, A.; Cao, J.; Huang, M.; et al. Combined effect of linolenic acid and tobramycin on Pseudomonas aeruginosa biofilm formation and quorum sensing. Exp. Ther. Med. 2017, 14, 4328–4338. [Google Scholar] [CrossRef] [PubMed]

	



Amri, Z.; Zaouay, F.; Lazreg-Aref, H.; Soltana, H.; Mneri, A.; Mars, M.; Hammami, M. Phytochemical content, fatty acids composition and antioxidant potential of different pomegranate parts: Comparison between edible and non edible varieties grown in Tunisia. Int. J. Biol. Macromol. 2017, 104, 274–280. [Google Scholar] [CrossRef]

	



Van Thuoc, D.; My, D.N.; Loan, T.T.; Sudesh, K. Utilization of waste fish oil and glycerol as carbon sources for polyhydroxyalkanoate production by Salinivibrio sp. M318. Int. J. Biol. Macromol. 2019, 141, 885–892. [Google Scholar] [CrossRef]

	



Davies, D.G.; Marques, C.N. A fatty acid messenger is responsible for inducing dispersion in microbial biofilms. J. Bacteriol. 2009, 191, 1393–1403. [Google Scholar] [CrossRef] [PubMed]

	



Nicol, M.; Alexandre, S.; Luizet, J.B.; Skogman, M.; Jouenne, T.; Salcedo, S.P.; De, E. Unsaturated fatty acids affect quorum sensing communication system and inhibit motility and biofilm formation of Acinetobacter baumannii. Int. J. Mol. Sci. 2018, 19, 214. [Google Scholar] [CrossRef] [PubMed]

	



Cruz-Muñiz, M.Y.; López-Jacome, L.E.; Hernández-Durán, M.; Franco-Cendejas, R.; Licona-Limón, P.; Ramos-Balderas, J.L.; Martinéz-Vázquez, M.; Belmont-Díaz, J.A.; Wood, T.K.; García-Contreras, R. Repurposing the anticancer drug mitomycin C for the treatment of persistent Acinetobacter baumannii infections. Int. J. Antimicrob. Agents 2017, 49, 88–92. [Google Scholar] [CrossRef]

	



Wayne, P. Methods for Dilultion Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically in: Approved Standard, 10th ed.; CLSI document; M07-A10; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2015; Volume 35. [Google Scholar]

	



Khadke, S.K.; Lee, J.H.; Woo, J.T.; Lee, J. Inhibitory effects of honokiol and magnolol on biofilm formation by Acinetobacter baumannii. Biotechnol. Bioprocess. Eng. 2019, 24, 359–365. [Google Scholar] [CrossRef]

	



Raorane, C.J.; Lee, J.H.; Kim, Y.G.; Rajasekharan, S.K.; Garcia-Contreras, R.; Lee, J. Antibiofilm and antivirulence efficacies of flavonoids and curcumin against Acinetobacter baumannii. Front. Microbiol. 2019, 10, 990. [Google Scholar] [CrossRef] [PubMed]

	



Subhani, S.; Jayaraman, A.; Jamil, K. Homology modelling and molecular docking of MDR1 with chemotherapeutic agents in non-small cell lung cancer. Biomed. Pharmacother. 2015, 71, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Bienert, S.; Waterhouse, A.; de Beer, T.A.; Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T. The SWISS-MODEL repository-new features and functionality. Nucleic Acids Res. 2017, 45, D313–D319. [Google Scholar] [CrossRef]

	



Smith, M.G.; Gianoulis, T.A.; Pukatzki, S.; Mekalanos, J.J.; Ornston, L.N.; Gerstein, M.; Snyder, M. New insights into Acinetobacter baumannii pathogenesis revealed by high-density pyrosequencing and transposon mutagenesis. Genes Dev. 2007, 21, 601–614. [Google Scholar] [CrossRef]

	



Schrödinger, L. Schrödinger Suite; Schrödinger LLC: New York, NY, USA, 2016. [Google Scholar]

	



Parr, R.G.; Yang, W. Density functional approach to the frontier-electron theory of chemical reactivity. J. Am. Chem. Soc. 2002, 106, 4049–4050. [Google Scholar] [CrossRef]

	



Shivakumar, D.; Williams, J.; Wu, Y.; Damm, W.; Shelley, J.; Sherman, W. Prediction of absolute solvation free energies using molecular dynamics free energy perturbation and the OPLS force field. J. Chem. Theory Comput. 2010, 6, 1509–1519. [Google Scholar] [CrossRef]

	



Tian, W.; Chen, C.; Lei, X.; Zhao, J.; Liang, J. CASTp 3.0: Computed atlas of surface topography of proteins. Nucleic Acids Res. 2018, 46, W363–W367. [Google Scholar] [CrossRef]

	



Huang, S.Y.; Zou, X. Advances and challenges in protein-ligand docking. Int. J. Mol. Sci. 2010, 11, 3016–3034. [Google Scholar] [CrossRef]

	



Yang, F.; Xiao, X.; Cheng, W.; Yang, W.; Yu, P.; Song, Z.; Yarov-Yarovoy, V.; Zheng, J. Structural mechanism underlying capsaicin binding and activation of the TRPV1 ion channel. Nat. Chem. Biol. 2015, 11, 518–524. [Google Scholar] [CrossRef]

	



Seeliger, D.; de Groot, B.L. Ligand docking and binding site analysis with PyMOL and Autodock/Vina. J. Comput. Aided Mol. Des. 2010, 24, 417–422. [Google Scholar] [CrossRef] [PubMed]

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef]

	



Benet, L.Z.; Hosey, C.M.; Ursu, O.; Oprea, T.I. BDDCS, the Rule of 5 and drugability. Adv. Drug Deliv. Rev. 2016, 101, 89–98. [Google Scholar] [CrossRef]

	



Krieger, E.; Vriend, G. New ways to boost molecular dynamics simulations. J. Comput. Chem. 2015, 36, 996–1007. [Google Scholar] [CrossRef]

	



Raj, V.; Park, J.G.; Cho, K.H.; Choi, P.; Kim, T.; Ham, J.; Lee, J. Assessment of antiviral potencies of cannabinoids against SARS-CoV-2 using computational and in vitro approaches. Int. J. Biol. Macromol. 2021, 168, 474–485. [Google Scholar] [CrossRef]

	



Krieger, E.; Dunbrack, R.L., Jr.; Hooft, R.W.; Krieger, B. Assignment of protonation states in proteins and ligands: Combining pKa prediction with hydrogen bonding network optimization. Methods Mol. Biol. 2012, 819, 405–421. [Google Scholar] [CrossRef]

	



Dickson, C.J.; Madej, B.D.; Skjevik, A.A.; Betz, R.M.; Teigen, K.; Gould, I.R.; Walker, R.C. Lipid14: The amber lipid force field. J. Chem. Theory Comput. 2014, 10, 865–879. [Google Scholar] [CrossRef]

	



Piotto, S.; Sessa, L.; Iannelli, P.; Concilio, S. Computational study on human sphingomyelin synthase 1 (hSMS1). Biochim. Biophys. Acta Biomembr. 2017, 1859, 1517–1525. [Google Scholar] [CrossRef] [PubMed]

	



Whitehead, N.A.; Barnard, A.M.; Slater, H.; Simpson, N.J.; Salmond, G.P. Quorum-sensing in gram-negative bacteria. FEMS. Microbiol. Rev. 2001, 25, 365–404. [Google Scholar] [CrossRef] [PubMed]

	



Moghaddam, M.M.; Khodi, S.; Mirhosseini, A. Quorum sensing in bacteria and a glance on Pseudomonas aeruginosa. Clin. Microbiol. 2014, 3, 156. [Google Scholar] [CrossRef]

	



Subhadra, B.; Oh, M.H.; Choi, C.H. Quorum sensing in Acinetobacter: With special emphasis on antibiotic resistance, biofilm formation and quorum quenching. AIMS Microbiol. 2016, 2, 27–41. [Google Scholar] [CrossRef]

	



Chen, R.; Lv, R.; Xiao, L.; Wang, M.; Du, Z.; Tan, Y.; Cui, Y.; Yan, Y.; Luo, Y.; Yang, R.; et al. A1S_2811, a CheA/Y-like hybrid two-component regulator from Acinetobacter baumannii ATCC 17978, is involved in surface motility and biofilm formation in this bacterium. Microbiologyopen 2017, 6, e00510. [Google Scholar] [CrossRef]

	



Mussi, M.A.; Gaddy, J.A.; Cabruja, M.; Arivett, B.A.; Viale, A.M.; Rasia, R.; Actis, L.A. The opportunistic human pathogen Acinetobacter baumannii senses and responds to light. J. Bacteriol. 2010, 192, 6336–6345. [Google Scholar] [CrossRef]

	



McBride, M.J. Shining a light on an opportunistic pathogen. J. Bacteriol. 2010, 192, 6325–6326. [Google Scholar] [CrossRef] [PubMed]

	



Seleem, N.M.; Abd El Latif, H.K.; Shaldam, M.A.; El-Ganiny, A. Drugs with new lease of life as quorum sensing inhibitors: For combating MDR Acinetobacter baumannii infections. Eur. J. Clin. Microbiol. Infect. Dis. 2020, 39, 1687–1702. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 09 01133 g001 550] 





Figure 1. Impacts of various fatty acids on biofilm formation by the three A. baumannii strains in the presence of fatty acids at 100 μg/mL (A), The structures and antibiofilm activities of the selected fatty acids against the three strains of A. baumannii were quantified against A. baumannii ATCC 17978 (B), A. baumannii BAA 1709 (C), and A. baumannii A 550 (D). Error bars indicate standard deviations. *, p < 0.05 versus non-treated controls. 
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Figure 2. A. baumannii ATCC 17978 cell growth was investigated in the presence of nervonic, oleic, or myristoleic acid at 20 μg/mL (A), A. baumannii ATCC 17978 motility was assessed in the presence of fatty acid at 20 μg/mL after incubation for 24 h (B), the cytotoxicity of fatty acid was evaluated against C. elegans (C), A. baumannii ATCC 17978 biofilm formations on nylon membrane were observed by SEM in the presence of fatty acid at 20 μg/mL. Red arrows indicate dents in cells and scale bars represent 1 µm (D). Error bars indicate standard deviations. *, p < 0.05 versus non-treated controls. 
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Figure 3. The putative predicted active pocket of ligand binding on the rigid surface of AbaI is shown in red (A), stable conformation of the ligand–receptor complex (B), and 25 molecular docking runs of nervonic acid with AbaI receptor (C). 
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Figure 4. Interactions of ligands with AbaI receptor protein with nervonic (A), oleic (B), and myristoleic acid (C). 
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Figure 5. Ligand–AbaI complex stability studies to reveal the interactions. Binding energies (A–C) and RMSD of nervonic, oleic, and myristoleic acid, respectively, as determined by MD simulation of YASARA (D–F). Ligand–AbaI complex comparative binding positions of nervonic (G), oleic (H), and myristoleic acid (I) with AbaI as displayed before and after 100.3 ns MD simulations. 
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Figure 6. Plausible mechanism for the inhibition of A. baumannii quorum sensing by nervonic acid. 
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Table 1. Binding energies of targeted ligands with AbaI. Amino acid residues essentially required for binding are colored blue.
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Compounds

	
Receptor

	
Binding Energy (Kcal/mol)

	
Binding Energy (Kcal/mol)

	
Indicating Amino Acids

	
Bonds




	
VINA

	
AUTODOCK






	
Nervonic acid

	
AbaI

	
−5.3

	
−5.3

	
Tyr30, Leu31, Trp33, Val120, Pro149, Tyr175, Met177

	
7π–π




	
Oleic acid

	
AbaI

	
−5.07

	
−5.07

	
Trp33, Ile172, Tyr175, Met177

	
4π–π




	
Myristoleic acid

	
AbaI

	
−5.9

	
−5.9

	
Val26, Tyr30, Phe109, Ser117

	
2π–π, 2H




	
S-adenosyl methionine

	
AbaI

	
−5.9

	
−6.7

	
Leu31, Ile65, Ser105, Val107, Ser121, Ile128, Pro149, Leu150, Met170, Met171, Ile172, Gly174, Tyr175, Ser176, Met177

	
2π–π, 13H




	
Linolenic acid

	
AbaI

	
−4.9

	
−4.7

	
Leu31, Ala106, Val107, Pro149

	
2π–π, 2H




	
Tricosanoic acid

	
AbaI

	
−4.6

	
−4.8

	
Tyr30

	
2π–π
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