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Abstract

:

Antimicrobial resistance poses a major threat to public health. Given the paucity of novel antimicrobials to treat resistant infections, the emergence of multidrug-resistant bacteria renewed interest in antimicrobial peptides as potential therapeutics. This study designed a new analog of the antimicrobial peptide Plantaricin 149 (Pln149-PEP20) based on previous Fmoc-peptides. The minimal inhibitory concentrations of Pln149-PEP20 were determined for 60 bacteria of different species and resistance profiles, ranging from 1 mg/L to 128 mg/L for Gram-positive bacteria and 16 to 512 mg/L for Gram-negative. Furthermore, Pln149-PEP20 demonstrated excellent bactericidal activity within one hour. To determine the propensity to develop resistance to Pln149-PEP20, a directed-evolution in vitro experiment was performed. Whole-genome sequencing of selected mutants with increased MICs and wild-type isolates revealed that most mutations were concentrated in genes associated with membrane metabolism, indicating the most likely target of Pln149-PEP20. Synchrotron radiation circular dichroism showed how this molecule disturbs the membranes, suggesting a carpet mode of interaction. Membrane depolarization and transmission electron microscopy assays supported these two hypotheses, although a secondary intracellular mechanism of action is possible. The molecule studied in this research has the potential to be used as a novel antimicrobial therapy, although further modifications and optimization remain possible.
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1. Introduction


Antimicrobial resistance can occur naturally over time, typically through genetic changes. The process is, therefore, natural and inevitable [1]. However, the exponential increase in antimicrobial resistance has led to the endemic progression of infections and multidrug-resistant (MDR) phenotypes [2].



The antibiotics currently available for treating common infections are often inefficient. Therefore, alternative treatments must be identified [3]. Antimicrobial peptides (AMPs) represent an attractive option because they usually present a broad spectrum of activity, produce immunomodulatory effects, and can ward off resistance [4]. AMPs are now a small but growing category in the market. The antimicrobial peptide database contains more than 3400 molecules of different categories and biological sources [5]. Currently, a few AMPs are used mainly as a “last resource” treatment, for example, gramicidin, polymyxin, and daptomycin, while some are in clinical and pre-clinical evaluation, for example, nisin and LL-37 cathelicidin [6].



Lactobacillus plantarum, a Gram-positive bacterium widely distributed in nature, produces bacteriocins called “plantaricins”. Bacteriocin peptides are an essential group of AMPs, synthesized by bacterial ribosomes, which interfere with the growth of other microorganisms for protection. Plantaricin A (PlnA), a 26-aminoacid length cationic peptide with membrane-permeabilizing properties, is one of the best-characterized members of this group [7]. Plantaricin 149 (Pln149), a second member of this group, obtained from the strain L. plantarum NRIC 149, shares the same N-terminal sequence as PlnA. Pln149 contains the sequence YSLQMGATAIKQVKKLFKKKGG and shows inhibitory activity against other lactobacilli. Its synthetic version, a C-terminal amidated peptide, showed meaningful action against S. aureus and Listeria monocytogenes [8].



Like PlnA, the synthetic analogs of Pln149 preserved their activity against pathogenic bacteria, even after removing the N-terminal pentapeptide [9]. The typical disorder-to-helix conformational changes observed in many linear cationic AMPs are also maintained. Attempts to optimize Pln149 included keeping the fluorenylmethyloxycarbonyl (Fmoc) protecting group in the N-terminal portion of the AMP. This change yielded significant, hitherto-unobserved findings, such as an improved action on Gram-positive bacteria, and promoted action on gram-negative bacteria [9]. The uptake of the Fmoc group is thought to be the reason for its more significant action in Gram-negative bacteria, which have an outer membrane absent in Gram-positive bacteria. In contrast, the solid hydrophobic action of Fmoc led to increased toxicity because it increased the interaction with zwitterionic phospholipids.



Subsequently, the physicochemical mechanisms that occur during the interaction between the peptide and membrane models were elucidated [10]. This interaction depends on the negative electron charge density of the membrane, and can cause a disruptive effect. Adsorption on zwitterionic membranes has also been observed, which explains the action described in Saccharomyces cerevisiae. Factors other than charge seem to modulate the action of Pln149, such as curvature, lipid organization, and degree of hydration [11,12]. These studies suggested that Pln149 acts carpet-like, in which the helices align parallel to the membrane surface [10,13].



In this study, we present Pln149-PEP20 (Fmoc-KAVKKLFKKWG), an optimized molecule based on Fmoc-Pln149(6-22), which was designed as an amphipathic alpha helix to enhance antimicrobial activity and lower cytotoxicity. Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. (ESKAPE) pathogenic bacteria were used as study models. ESKAPE bacteria are associated with the highest burden of MDR infections worldwide [14]. While ESKAPE is an acronym, the term also refers to the bacteria’s ability to escape antimicrobial action and cause MDR infections that are refractory to most first-line antibiotics. The WHO lists these organisms as priority pathogens that pose the greatest threat to human and public health, for which the development of new antimicrobials is urgently required [15].




2. Results


2.1. Quantitative Peptide Comparison and Antimicrobial Susceptibility


The antimicrobial activities of the new derivative peptides, Fmoc-Pln149(6-22) and Fmoc-Pln149, as determined by their MIC and MBC against Gram-positive and Gram-negative bacteria, were compared (Table 1).



In evaluating the hemolytic activity of Fmoc-Pln149, the high toxicity appeared to be a direct consequence of the presence of the Fmoc-protecting group, as it has a highly hydrophobic presence that could lead to interactions with the zwitterionic phospholipids on the eukaryotic membrane. Upon deeper investigation, the evaluation of the other two peptides, Fmoc-Pln149(6-22) and Pln149-PEP20, showed that Fmoc is not the primary influence on hemolytic activity. This observation is based on the fact that it was possible to drastically decrease hemolytic activity by modifying the size and sequence of amino acids.



Finally, the proposed peptide was evaluated against more than 60 strains. It was found to be active against all, with MICs ranging from 1 mg/L to 128 mg/L for Gram-positive bacteria and 16 mg/L to 512 mg/L for Gram-negative bacteria (Appendix A, Table A1 and Table A2). Pln149-PEP20 is active against strains with varying antimicrobial susceptibility profiles. Resistance mechanisms to different antibiotics, such as tigecycline, oxacillin, vancomycin, and daptomycin, did not affect the activity of the peptide.




2.2. Time-Kill and Post-Antibiotic Assays


To better characterize the antimicrobial activity against Gram-positive and Gram-negative bacteria, the time-kill of AMP against S. aureus and A. baumannii at different concentrations relative to the MIC was assessed (Figure 1 and Figure 2).



The peptide had a quick bactericidal action, with a reduction of >3 logs of the inoculum in the first hour for all inhibitory concentrations. This reduction is similar to that observed for polymyxin B [16]. As expected, all samples treated with Pln149-PEP20 had statistically different total biomass compared to the untreated control. While the subinhibitory concentration obtained p < 0.05 compared with the biomass of the untreated control, the inhibitory concentrations were p < 0.001. Furthermore, in the reference strains used (S. aureus ATCC 25923 and A. baumannii ATCC 19606), the biomass obtained from the 0.5 × MIC curve can be considered different from the 1 × MIC biomass with p < 0.05. However, in the clinical strains (S. aureus SA43 and A. baumannii ACI50), the effect of the 0.5 × MIC concentration was more pronounced, and the biomass of 0.5 × MIC could not be considered different from that of 1 × MIC.



A Post-Antibiotic effect (PAE) assay was performed to determine the effect of Pln149-PEP20 on bacterial growth after treatment (Table 2).



Both subinhibitory and inhibitory concentrations presented equivalent PAE within the same strain (no statistical difference). Although a significant difference was observed in the 0.5 × MIC between A. baumannii ATCC 19606 and ACI50 (p = 0.045), the PAE was considered equivalent for both strains at 1 × MIC.




2.3. Cytotoxicity by MTS Assay


The selectivity index was calculated to determine how selective the molecule is—meaning, how the peptide’s activity affects human cells. Although the selectivity index was not calculated for HepG2, these cells were included in the study to verify activity against cancer cells. Pln149-PEP20 was tested, since Pln149 shares some similarities with PlnA, and this peptide has anticancer activity reported [19]. The anticancer activity of PlnA is mainly related to membrane activity that leads to apoptosis or necrosis—if Pln149-PEP20 interacts with zwitterionic lipids, then anticancer activity would be a possibility.



The concentration that reduced cell viability by 50% (CC50) obtained for Pln149-PEP20 was 67.73 ± 1.20 mg/L for THP-1 (differentiated human macrophages), 58.58 ± 1.95 mg/L for HFF-1 (human fibroblasts), and 125.15 ± 1.60 mg/L for HepG2 (human liver carcinoma). The selectivity index (SI) obtained from the data is shown in Table 3.




2.4. Synergism Assays


Pln149-PEP20 did not exhibit any synergism or antagonism when tested against S. aureus (ATCC 25923). Only indifferent interactions were observed, which allowed us to infer that Pln149-PEP20 does not compete directly with the targets of any of these antibiotics. For A. baumannii ATCC 19606, Pln149-PEP20 showed synergism with ciprofloxacin, polymyxin B, ampicillin, and vancomycin. The fractional inhibitory concentration (FIC) values are presented in Table 4. No antagonism was observed.



Synergism with vancomycin was investigated further. Although this antibiotic is used primarily for treating Gram-positive infections, investigating this synergism may help clarify the mechanism of action of Pln149-PEP20. In addition, potentiating molecules that can increase the spectrum of antibiotics already well established in clinical use is an important strategy to combat antimicrobial resistance.



Synergism with vancomycin was observed in other species (Table 5), such as E. coli and K. pneumoniae, except for polymyxin B-resistant K. pneumoniae AMKP4 and AMKP10.



A synergism assay with vancomycin was performed in the presence of excess magnesium to assess whether these ions directly influence the action of the peptide on the outer membrane. This assay is represented as a heat map in Figure 3. The presence of exogenous Mg+2 prevented synergism with vancomycin and prevented the action of Pln149-PEP20 itself. The presence of this cation in excess indeed prevents Pln149-PEP20 from establishing interactions that are fundamental for its activity. Bacterial membranes have divalent cations, such as Mg+2 and Ca+2, that interact and stabilize the membrane on its outer facet. Cationic AMPs, such as Pln149-PEP20, compete with these ions for electrostatic interactions, displacing them and establishing initial interactions with negative components [21].




2.5. Membrane Depolarization Assay


The ability of Pln149-PEP20 to depolarize the membrane was evaluated using DISC3(5) dye. The intensity of the signal, which is proportional to the depolarization of the cytoplasmic membrane, is presented in Figure 4. The peptide was able to depolarize both Gram-positive and Gram-negative bacteria in less than 5 min. The 4 × MIC concentration of the peptide presented an area under the curve like that of melittin (p > 0.05) for both species, indicating that complete depolarization occurred under these conditions. In contrast, the 0.5 × MIC concentration in S. aureus ATCC 25923 did not present a statistically significant difference compared to the negative control area (p > 0.05).




2.6. Circular Dichroism


To understand how the new peptide interacts with membranes, Pln149-PEP20 was characterized biophysically. The synchrotron radiation circular dichroism (SRCD) spectroscopy spectrum of Pln149-PEP20 was obtained in an aqueous solution (Figure 5a). Pln149-PEP20 in aqueous solution showed peaks attributed to the disordered peptide content [22]. However, a disordered-to-helix transition in the Pln149-PEP20 secondary structure was observed in the presence of 50% trifluoroethanol (TFE) or when the peptide formed a partially dehydrated film (Appendix B, Figure A1) due to the favored intramolecular hydrogen bonds [10]. The induced alpha helix in the Pln149-PEP20 structure shows off its amphipathic character (Appendix B, Figure A1) to interact at lipid interfaces.



Distinct model membranes were employed to investigate the binding of peptide Pln149-PEP20 to lipid systems in aqueous solutions and oriented lipid bilayers. The peptide assumed a stable α-helical structure in the presence of negatively charged or zwitterionic surfactants. In an aqueous solution, no conformational changes in Pln149-PEP20 were observed in the presence of zwitterionic large unilamellar vesicles (LUVs) of 1-palmitoyl-2-oleoyl-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-phosphoethanolamine (POPE) (Figure 5a). However, the two minima at 222 nm and 208 nm and a positive maximum at 192 nm were observed in the peptide SRCD spectra in the presence of the vesicles of 1-palmitoyl-2-oleoyl-phosphoglycerol (POPG) and 1-palmitoyl-2-oleoyl-phospho-L-serine (POPS). This observation revealed the partition of the peptide to the negatively charged vesicles.



o-SRCD spectroscopy was used to characterize the alignment of the α-helix induced in Pln149-PEP20 in the macroscopically oriented lipid bilayers of POPG and POPS. The o-SRCD spectra of the peptide in both negatively charged bilayers (Figure 5b) exhibited two minima at 208 nm and 220 nm, with a more pronounced negative value at 208 nm. This spectral line shape is typical of peptides assuming a surface-bound state, S-state [23], and aligned parallel to the plane of the lipid bilayers.




2.7. Transmission Electron Microscopy (TEM)


TEM helped us better understand the mode of action of the AMP in bacterial membranes. In S. aureus, membrane damage, intralamellar structures resembling mesosomes, and errors in the division septum were observed in most cells (Figure 6). Division septum errors also occurred for the positive control, but at a frequency of 21 ± 10%, whereas cells treated with 1 × MIC and 4 × MIC presented 61 ± 20% and 54 ± 12%, respectively. This difference in frequency is significantly different from the positive control (p < 10−4). Mesosomes can occur in response to membrane damage (due to phospholipid reorganization) and cell wall damage (similar patterns seen in vancomycin and tetracycline studies [24]. Therefore, this peptide may also affect cell wall biosynthesis. As the machinery responsible for cell wall biosynthesis is in the division septum [25], it is common to observe these mesosomes near this structure.



In A. baumannii-treated cells (Figure 7), damage to both the outer and inner membranes was evident at higher peptide concentrations, with wrinkled surfaces and bleb formation. In lower concentrations, cytoplasmic material condensation can be observed in specific positions in the cell. These positions coincide with those of specific proteins, such as PlsX, FloT, and MurG [26]. These proteins are related to the cell membrane or cell wall, suggesting Pln149-PEP20 targets. Although it is impossible to determine from the TEM experiment in which protein the interaction occurs, the carpet mode of action explains the rapid membrane depolarization. The binding of Pln149-PEP20 to MurG would explain the other forms of damage observed. Such damage was usually associated with the cell wall. Thus, MurG is a strong candidate for investigation.




2.8. In Vitro Directed Evolution and Genome Analysis


The propensity of the peptide to select resistant isolates was evaluated by increasing the subinhibitory concentrations of the antimicrobial agent over 30 days. The increase in MIC is shown in Figure 8 for both Gram-positive and Gram-negative bacteria. The peptides exhibited a moderate propensity to select resistants. The MIC increments observed were comparable to those of daptomycin and polymyxin B, which are last-resort antibiotics with peptide composition and action on the cell wall and membrane, as suggested for Pln149-PEP20.



The initial and final strains with reduced susceptibility to Pln149-PEP20 were sequenced to determine whether mutations related to the mode of action occurred. All mutations obtained for S. aureus and A. baumannii are listed in Table 6 and Table 7, respectively.



There was no mutation in common between all biological replicas in S. aureus, but the DUF1672 domain protein appeared in two of the three final strains, which makes it a strong candidate for future investigation as a target for Pln149-PEP20. All mutations in A. baumannii occurred in the gene encoding an Ig-like domain-containing protein, which implies this has a critical role in the peptide’s interaction or action.





3. Discussion


Some Plantaricin 149 analogs previously explored showed antimicrobial activity, but this was not investigated thoroughly. When such activity was observed, it occurred at high concentrations. An Fmoc protecting group at the N-terminus of the peptide is noteworthy and seems to have increased the activity of this bacteriocin [9]. This group is used in organic synthesis to protect amines, and has hydrophobic characteristics. Thus, the first peptide to be tested was Fmoc-Pln149, the original sequence of this bacteriocin with the Fmoc-protecting group. This peptide was active against all the strains tested, but with hemolytic activity occurring at much lower concentrations than the action against pathogenic bacteria. Fmoc-Pln149(6-22) lacked the N-terminal portion of the peptide, based on studies showing that this region does not contribute to antimicrobial activity in PlnA [8]. Fmoc-Pln149(6-22) peptide showed activity against all tested strains. Despite acting at higher concentrations than those of Fmoc-Pln149, its hemolytic activity was attenuated. Therefore, the Fmoc group is not solely responsible for the hemolytic activity, as the amino-acid sequence also influenced this. The peptide Pln149-PEP20 proposed in this paper was based on Fmoc-Pln149(6-22) but used alpha-helix projection and altered the amino acids to obtain a well-defined amphipathic secondary structure. This peptide showed a significant improvement compared with previously published peptides because it is not only bactericidal at lower concentrations, but it also significantly reduces the hemolytic rate. Therefore, Pln149-PEP20 was more advantageous than the parent molecule, and its antimicrobial activity was characterized in this study.



The investigation of Pln149-PEP20 allowed us to determine the peptide’s antimicrobial activity characteristics. The PAE results indicated that, even after the serum concentration decreased, the peptide continued to prevent bacterial growth [27]. Pln149-PEP20 seemed to maintain an action on bacterial growth to the same degree as polymyxin B. The similarity of PAE and time-kill results between the peptide and polymyxin B suggests that Pln149-PEP20 could have similar pharmacodynamic properties to those reported for polymyxin B. Both polymyxin B and Pln149-PEP20 can be classified as concentration-dependent, meaning they are more effective if they reach a concentration higher than the MIC. However, the time at which the concentration is maintained is less important than the concentration level [16].



As AMPs are reported to be versatile in their action spectrum, we also investigated the activity of the proposed molecule against cancer cells. Although no activity against HepG2 was observed, assays that include other cells must be performed to exclude anticancer action. In some cancer cells, the flip-flop phenomenon occurs, in which there is an exchange between phospholipids from the inner and outer leaflets of the eukaryotic cytoplasmic membrane. Consequently, changes occur in the phospholipid constitution, membrane fluidity, and surface charge. These changes can attract AMPs, as observed in the bacterial membrane [28]. In addition, other plantaricins also had activity against cancer cells, encouraging investigation for the newly designed peptide [19].



The assay against eukaryotic cells also showed that Pln149-PEP20 selectivity was lower than the hemolysis assay initially suggested. Ideally, an IS ≥ 10 is expected to be considered a biologically effective antibiotic [29]. The hydrophobic surface of this molecule may interact with both cell membranes [10]. Beyond that, the outer membrane could be an obstacle to the peptide, explaining the higher MICs against Gram-negative bacteria.



The synergism of commercial antibiotics was assessed to obtain a better selectivity index for these Gram-negative bacteria. The concomitant therapeutic use of antibiotics has been an alternative to overcome the problem of antimicrobial resistance [3]. Synergism with vancomycin was further explored because, besides having the lowest FIC index, this may indicate that Pln149-PEP20 acts on the outer membrane. Vancomycin is a glycopeptide that inhibits cell wall synthesis by binding to the D-ala-D-ala portion of the cell wall precursor, preventing the action of transpeptidases and peptidoglycan polymerases and thus inhibiting the cross-linking of peptidoglycans that make up the cell wall [30]. Vancomycin could have a broad spectrum of activity [31]; however, the Gram-negative outer membrane hinders the antibiotic from permeating the periplasmic space. Therefore, the synergism observed was likely due to the outer membrane destabilization caused by Pln149-PEP20, which allowed vancomycin to act on the cell wall.



Of all strains tested, only three did not show Pln149-PEP20 synergism with vancomycin. The lack of synergism in P. aeruginosa can be explained by the low permeability of its outer membrane [32]. For the other two strains, both are polymyxin-resistant, which could have led to lower Pln149-PEP20 activity. The polymyxin resistance mechanism in these strains is due to an insertion element in the mgrB gene. Therefore, these strains have an increased surface charge due to the addition of 4-amino-4-deoxy-L-arabinose to lipid A. Despite also being resistant to polymyxins, ACI50 harbors mutations in the pmrCAB system [20], resulting in a lower charge difference than that caused by the insertion element disruption of the mgrB gene in K. pneumoniae isolates [18,33]. That could explain why A. baumannii ACI50 has a lower FIC index than the other polimixin-resistant strains.



After characterizing the peptide’s action, we tried to elucidate how it acts. The investigation of membrane depolarization allowed for a better understanding of peptide interactions. Although the 0.5 × MIC concentration did not cause relevant depolarization in S. aureus, the time-kill results showed that this concentration could reduce the bacterial population. Therefore, in the absence of significant depolarization, one can infer that Pln149-PEP20 has other undiscovered mechanisms of action. Depolarization occurred in increments, likely because of the peptide mode of interaction with the membrane.



The SCRD data was a way to evaluate in vitro the interaction of this new peptide with membranes. The binding of Pln149-PEP20 was also guided by electrostatic interactions with the lipid surface, especially in highly packed lipid systems. These findings agree with the higher activity of the peptide against Gram-positive bacteria.



Recent data show that Plantaricin 149 acts via the carpet mode of action [10], in which the peptides interact with the membrane surface (usually with the hydrophobic part facing the membrane and the hydrophilic part facing the solvent phase). The o-SCRD for Pln149-PEP20 revealed that the helix was in contact with the lipid headgroups during the entire membrane permeation process and was not inserted across the membrane hydrophobic core, compatible with the carpet mode of action as well. Pln149-PEP20 binding might promote peptide accumulation at the lipid surface until it reaches a threshold concentration at which the membrane is efficiently disturbed, as described by the carpet-like model. Thus, depolarization increments can be explained by the SCRD data—they represent the threshold concentrations that need to be achieved in the membrane.



In vitro selection showed not only the peptide’s low propensity to cause resistance compared to conventional antibiotics. The assay also helped clarify the mechanism of action of Pln149-PEP20 by allowing us to investigate what kind of alterations can lead to a lower sensitivity to the molecule.



It is unclear which of the mutations obtained for the in vitro-selected strains is essential for Pln149-PEP20 sensitivity reduction in S. aureus. Although CflA has a highly negative region due to aspartate charges, its contribution to the cell surface charge has never been reported. CflA and FlbPA are essential virulence proteins of S. aureus that adhere to human body proteins, such as elastin, fibronectin, and fibrinogen, during the infection process [34]. The latter commonly occurs in both CflA and FlbPA. A mutation in FlbPA occurs in the A subunit, which binds to fibrinogen. No evidence exists for the interaction of Pln149-PEP20 with fibrinogen binding sites, mainly because this molecule is highly anionic at physiological pH, unlike AMPs. Therefore, it is likely that these mutations were selected as a form of regulation because Pln149-PEP20 susceptibility decreases. Studies have already reported that MRSA has a lower expression of virulence factors when resistant to daptomycin than when sensitive to the same antibiotic. This lower expression guarantees a long and persistent infection versus an acute infection in the short term [35,36].



The DUF1672 domain-containing protein has an important function related to Pln149-PEP20, given that a mutation occurs in two different biological replicas of the assay. Recent studies indicate that this family is a constituent of the lipoproteome of S. aureus [37], and that this domain can encode lipoproteins that are added to the outer facet of the lipid bilayer. Although much remains to be characterized about these lipoproteins, they are associated with cell wall synthesis, electron transport, nutrients, and even surface stress response [38]. This finding reinforces previous results related to Pln149-PEP20’s mechanism of action.



The bifunctional (p)ppGpp/guanosine-3′-5′-bis(diphosphate)-3′-pyrophosphohydrolase is intrinsically related to the stringent response. They are usually synthesized in response to nutrient limitation, rRNA degradation, enzymatic activation, and replication [39]. There is a relationship between the expression of alarmones and starvation reactions due to a lack of amino acids or as a response to cell wall stresses. The transcription of the alarmones is related to tolerance to antibiotics that act on the cell wall, such as vancomycin and ampicillin. These antibiotics anticipate the response to oxidative stress, allowing the survival of the cell [40,41].



The role of the FAD-containing oxidoreductase mutation in in vitro selection remains unclear. Several FAD oxidoreductases are expressed by S. aureus. These oxidoreductases protect the cell against massive oxidative damage by degrading reactive oxygen species [42,43]. The mutation in this protein can be regarded as conservative because of the exchange of a hydrophilic amino acid (serine) for one that is also hydrophilic (threonine). Only a methyl group differentiates these two amino acids. It is, therefore, unclear whether this mutation is directly related to reduced susceptibility to Pln149-PEP20.



The major facilitator superfamily is one of the mutations that stand out in directed evolution. Members of this family are essential for transporting various molecules across the membranes. This transport depends on several conformational changes caused by the claw mechanism. Its substrates vary from nutrients, metabolites, and signaling molecules to toxins and drugs [44]. The mutation in this protein may have caused a loss of function, as it caused a change in the reading frame. Thus, it is assumed that the strain with mutated transporters gained an evolutionary advantage by lowering the importation of Pln149-PEP20 into the cell. This leads to the critical conclusion that Pln149-PEP20 is likely to have an intracellular target in addition to the membrane damage already observed.



For A. baumannii, all mutations occurred in the same target. The Ig-like domain-containing protein in which mutations occurred contains conserved domains of Ca+2-stabilized adhesin repeat [45,46]. Although many proteins contain this domain, these mutations can be related to the presence of stabilizing ions in the outer facet of the membrane, where calcium plays a fundamental role. Our previous assays suggested that more stabilizing ions may affect Pln149-PEP20 activity.



The focus of this paper was the extensive characterization of antimicrobial action, but the research would benefit from further assessment. For example, bacterial cytological profiling [26] could aid in investigating the mechanism of action and shed light on some hitherto unexplained results, such as whether Pln149-PEP20 acts intracellularly, or what effect on Gram-negative cells causes condensation of cytoplasmic contents.



The assessment of cytotoxicity in the research is still limited. The Fmoc group has been used based on previous results but is associated with high cytotoxicity [47]. It could be beneficial to investigate a group with similar characteristics to replace the N-terminal portion of the peptide. Although the combination therapy strategy was the chosen approach in this research, many others can still be applied in the future, such as conjugation strategies, to not only combat the adverse effects of the peptide, but also deliver active molecules with optimal biocompatibility [48].



Thus, the present study should be a starting point for future optimizations until in vivo assays and possible applications.




4. Materials and Methods


4.1. Peptide Synthesis


Using 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry, Pln149-PEP20 was manually synthesized using solid-phase peptide synthesis, as described by [49]. The synthesis involves sequential coupling and deprotection reactions. Initially, the Rink Amide resin was solvated in N,N-dimethylformamide (DMF) and dichloromethane (DCM). Deprotection was performed using 20% 4-methyl-piperidine in DMF. The couplings were then carried out, solubilizing each Fmoc-amino acid, the coupling activators N-Hydroxybenzotriazole (HOBT), and diisopropylcarbodiimide (DIC) in DMF and DCM (2 mol of amino acid: 1 mol of resin). The coupling and deprotection steps were repeated until all the amino acids had been added to the peptidyl-resin. The ninhydrin test was performed after each coupling/deprotection step to verify its efficiency (Kaiser et al., 1970). After coupling the last amino acid residue, the peptide from the resin was cleaved for 2 h using a solution of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane, and 2.5% water. The crude peptide was precipitated into cold diethyl ether, extracted with 0.045% TFA (v/v) in water, and lyophilized. The purification of crude Pln149-PEP20 was performed in semi-preparative mode, using a Shimadzu HPLC System in a C18 reverse-phase column (Phenomenex 2.1 × 25 cm). The column had previously been equilibrated with 0.1% TFA in water and eluted, using a linear gradient from 0 to 70% acetonitrile 90% in water (with 0.1%TFA) and a flow rate of 1 mL/min. The absorbance at 220 nm and 280 nm was then monitored. Peptide identity was further confirmed by electrospray mass spectrometry using an ESImicroOTOF-Q instrument (Bruker Daltonics). Peptides were solubilized in formic acid 0.5% (flow of 180 µL/h and capillary voltage of 4500 V) and analyzed in the 50–3000 m/z range.




4.2. Bacterial Strains


Species that represent the main pathogenic organisms that threaten public health were selected for this study. ATCC strains were used because they are well characterized and are used as a reference for determining several antibiotics’ minimum inhibitory concentrations (MIC). For most of the assays, S. aureus ATCC 25923, A. baumannii ATCC 19606, and two clinical strains previously characterized by our research group, MRSA S. aureus SA43 [50], and the extensively drug-resistant (including polymyxin B-resistant) A. baumannii ACI50 [20] were used. More strains characterized by Dabul et al. (2018), Kuroda et al. (2001), Dabul et al. (2019), de Mello et al. (2016), Mello et al. (2020), Souza et al. (2019), Carrasco et al. (2021), and Galetti et al. (2016) [17,18,20,51,52,53,54,55,56] were included in Section 2.3 and are described in detail in Table A1 and Table A2.




4.3. Quantitative Antimicrobial Susceptibility


The MIC of Pln149-PEP20 was determined using the broth microdilution method described by the Clinical and Laboratory Standards Institute [57]. The peptides were diluted in cation-adjusted Mueller-Hinton (CAMH) broth (BD, East Rutherford, NJ, USA), ranging from 512 mg/L to 0.06 mg/L. The bacterial inoculum was added to the peptide, resulting in a 5 × 105 CFU/mL concentration in each well. The descriptions of the bacteria used in this study are provided in Table A1 and Table A2. The MIC was determined as the lowest concentration that inhibited visible microbial growth after incubation at 35 °C for 24 h. All assays were performed in triplicate, and polystyrene U-bottom microplates with minimal protein binding were used. Bacterial growth without peptides was used as a negative control. Daptomycin and polymyxin B were used as positive controls to compare the known MIC of ATCC strains described in the CLSI [58].



A total of 100 μL from each well without growth in the MIC assay was subcultured on CAMH agar plates, which were incubated at 35 °C for 24 h to determine the minimum bactericidal concentration (MBC). MBC was the lowest peptide concentration, with no visible growth on the plate. For initial comparison, the MIC of Fmoc-Pln149 and Fmoc-Pln149(6-22) were also determined for the ATCC strains.




4.4. Hemolytic Activity


The hemolytic activity of Pln149-PEP20 was determined according to the protocol described by Castro et al. [58]. This study was approved by the Ethics Committee of the Federal University of São Carlos (CAAE 52231421.7.0000.5504). Blood from human volunteers who had not been treated with medication was collected in tubes with ethylenediaminetetraacetic acid (EDTA) and washed three times with phosphate-buffered saline (PBS). The precipitated cells were resuspended in 1% PBS. Erythrocytes were incubated with the peptide at concentrations ranging from 512 mg/L to 0.06 mg/L for 1 h at 37 °C. Triton X-100 1% was used as a positive control for hemolysis. After incubation, the microplate was centrifuged. The hemolytic rate was determined by measuring the absorbance of the supernatant at 405 nm. The percentage of hemolysis was calculated using the following equation:


%Hemolysis = 100 × [(Sample-blank)/(Triton-blank)],



(1)







The HC50 value was defined as the peptide concentration that produced 50% hemolysis. The assays were performed in technical and biological triplicate. HC50 was determined by logarithmic regression using GraphPad Prism software.




4.5. Time-Kill Assay


The experiments were performed as recommended by the CLSI [56]. The activity of Pln149-PEP20 over time was determined against two species associated with a high burden of MDR infections: S. aureus ATCC 25923 and SA43 strains [50] and A. baumannii ATCC 19606 and ACI50 strains [20]. Concentrations of 0.5×, 1×, 2×, and 4× the MIC of the peptide or antibiotics were used against an inoculum of 6 × 105 CFU/mL. Aliquots (20 µL) were collected at 0, 15, and 30 min, and 1, 2, 4, 8, 12, and 24 h. These were serially diluted (1:10) in 0.85% sterilized saline, which was then cultivated using the micro-drop technique (6 drops of 15 µL each) on brain and heart infusion (BHI) agar and incubated at 37 °C for 24 h. The colonies were counted later. Bacterial growth without the peptide was a negative control, and daptomycin and polymyxin B were used as positive controls. The experiment was performed in duplicate, using biological and technical sextuplets. The detection limit of this experiment was 102 CFU/mL. After plotting the CFU/mL × time of the killing kinetic assay, the area under the curve was calculated using MATLAB® R2021b for comparison. The area under the curve was proportional to the total biomass present in the assay. Biomass at different concentrations was compared using analysis of variance (ANOVA).




4.6. Post-Antibiotic Effect Assay


Post-antibiotic effects were evaluated as described by Saravolatz et al. [27], using the same bacteria as in the time-kill assay. An inoculum of 100 µL of 6 × 107 CFU/mL adjusted bacteria was added to 10 mL of MHCA that contained 0.5× and 1× the MIC of the peptide. After homogenization, the tubes were incubated at 37 °C for 10 min and centrifuged at 3000× g for 10 min at room temperature. The supernatants were discarded, and the bacteria were resuspended in 10 mL of fresh MHCA at 37 °C. A 20 µL inoculum was taken and serially diluted in 0.85% saline every hour. Dilutions were cultivated using the micro-drop technique (six drops of 15 µL each) on BHI agar and incubated at 37 °C for 24 h. The colonies were counted later. Bacterial growth without peptides was used as the negative control. Daptomycin and polymyxin B were the positive controls. The post-antibiotic effect (PAE) is defined as:


PAE = T − C.



(2)







In this equation, T is the time for the treated sample to increase by 1 log, while C is the same, but for the growth control. Assays were performed in biological duplicates and in technical sextuplets. The concentrations used in this assay and the different strains treated were compared using ANOVA, with a threshold of p < 0.05.




4.7. Cytotoxicity by MTS Assay


Cytotoxicity evaluation using [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium] (MTS) was performed using THP-1 (differentiated human macrophages), HFF-1 (human fibroblasts), and HepG2 (human liver carcinoma) cells. Cells were grown in 96-well plates at 37 °C for 24 h. The peptide was added, ranging from 0.06 mg/L to 512 mg/L, and incubated for 24 h at 37 °C. MTS was added, and the cells were incubated for 4 h. Absorbance was measured at 490 nm using a SpectraMax 384 spectrophotometer (Sunnyvale, CA, USA; Valli et al., 2022). Data were analyzed using GraphPad Prism 8.0 for the calculation of CC50 (concentration that reduced cell viability by 50%). The percentage of nonviable cells was determined and compared to that of the negative control wells (100% growth). All assays were performed in triplicate, and doxorubicin (Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control. The selectivity index was calculated by the ratio between the CC50 and MIC [59]. A measure of MIC50 was used to determine the ratio, which is the minimum concentration required to inhibit at least 50% of all bacterial strains tested within a given group.




4.8. Synergism Assay


The investigation of synergism was performed through checkerboard analysis, using the same method described in Section 4.3 but with the dilution of Pln149-PEP20 (compound A) horizontally and antibiotics (compound B) vertically in the same microplate. Ciprofloxacin, tobramycin, vancomycin, ampicillin, and imipenem were tested, along with the peptides, against S. aureus ATCC 25923 and A. baumannii ATCC 19606. Daptomycin and polymyxin B were tested against the Gram-positive and Gram-negative strains, respectively. The fractional inhibitory concentration (FIC) was calculated using the formula:


(MICAcombination)/MICA) + (MICBcombination)/MICB) = FICA + FICB = FICindex.



(3)







Synergism is a combination that results in an FIC < 0.5 [21]. In addition, CAMH supplemented with Mg+2 (magnesium chloride at a final concentration of 21 mM, as described by Li et al. [21]) was used to test if excess outer-membrane-stabilizing ions influence the vancomycin synergism mechanism. The reason for this addition is that the action of AMPs is typically associated with electrostatic interactions that displace stabilizing ions from the membrane. The presence of excess stabilizing ions, such as calcium and magnesium, can lead to competition for interactions and therefore undermine the action of AMP. Assays were performed in biological and technical triplicate.




4.9. Membrane Depolarization Assay


This assay was performed using 3,3′-dipropylthiadicarbocyanine iodide, DISC3(5), which allows for assessing cytoplasmic membrane depolarization. This assay was performed as previously described [60] for S. aureus ATCC 25923 and A. baumannii ATCC 19606. Single colonies were cultivated in MHCA with agitation at 37 °C until the mid-log phase (between 4 h and 6 h). The bacterial culture was centrifuged at 4000 rpm at room temperature for 10 min. The supernatant was discarded, and the cells were suspended in a respiration buffer (5 mM HEPES and 20 mM glucose, pH 7.4). The cells were again centrifuged and suspended in fresh buffer and then adjusted to OD600 = 0.05, using SpectraMax M5 (Molecular Devices). A stock solution of DISC3(5) was then added at a final concentration of 0.2 μM. For A. baumannii, 0.05 mM of EDTA was added. The cells were then incubated with DISC3(5) for 1 h at room temperature. After incubation, 200 μL was added to each well of a matte-black, flat-bottomed microplate. To each well, 2 µL of the peptide was added at a final concentration of 4×, 1×, or 0.5 × MIC. Melittin was used as a positive control at a final concentration of 10 mg/mL (100% depolarization, always compared to peak depolarization).



Assays were performed in biological and technical triplicate. The plate was read on a SpectraMax M5 (Molecular Devices) in fluorescence mode, with excitation at 622 nm and emission at 670 nm for 5 min. As in the time-kill method, the area under the curves of intensity × time was calculated using MATLAB R2021b for comparison. These were compared using ANOVA.




4.10. Synchrotron Radiation Circular Dichroism Spectroscopy (SRCD)


The SRCD spectra of Pln149-PEP20 were collected at the AU-CD beamline on the ASTRID2 synchrotron (University of Aarhus, Aarhus, Denmark) over the wavelength range of 280–170 nm, using a 1 nm interval in a 0.0101 cm pathlength quartz Suprasil cuvette (Hellma Scientific) at 25 °C. Three individual scans were recorded for each sample: Pln149-PEP20 (0.73 mM) incubated in 10 mM sodium phosphate buffer (pH 7), or the peptide in 50% trifluoroethanol (TFE), in the presence of membrane models composed of 20 mM sodium dodecyl sulfate (SDS) or N-hexadecyl-N-N’ dimethyl- 3-ammonia-1-propane-sulfonate (HPS), or in the presence of large unilamellar vesicles (LUVs) of 1-palmitoyl-2-oleoyl-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-phospho-L-serine (POPS), and 1-palmitoyl-2-oleoyl-phosphoglycerol (POPG) at a 1/50 peptide-to-lipid molar ratio. Micelles and LUVs were prepared in sodium phosphate buffer (pH 7.0). In addition, the SRCD spectra of a partially dehydrated film deposited on the surface of a quartz glass plate were collected in the wavelength range of 280–155 nm at 25 °C, with successive rotations on the plate at 0°, 90°, 180°, and 270°.



The oriented SRCD (o-SRCD) of Pln149-PEP20 in lipid bilayers deposited in a circular spot on the surface of a quartz glass Suprasil plate (Hellma Scientific) was measured from 280 nm to 155 nm at 1 nm intervals at 25 °C. Oriented bilayers composed of POPS and POPG were prepared as described by Bürck et al. [61]. The spectra of the bilayers were measured under the same conditions and subtracted from the corresponding sample. All SRCD/o-SRCD spectra were processed using CDToolX [62], by averaging the individual scans, subtracting the respective baseline spectrum, calibrating versus a camphorsulfonic acid standard, zeroing in the 263–270 nm region, smoothing with Savitzky-Golay, and scaling to delta epsilon (Δε) units using a mean amino acid residue weight of 155.4 Da.




4.11. Transmission Electron Microscopy


Treated and untreated S. aureus ATCC 25923 and A. baumannii ATCC 19606 cells were observed by transmission electron microscopy (TEM). Isolated colonies were cultured in CAMH under agitation at 37 °C until the mid-log phase. Then, 30 mL was adjusted to OD600 = 0.05 on a SpectraMax M5 (Molecular Devices) in CAMH and treated with the peptide at 0.5×, 1×, or 4× MIC. The tubes were incubated at 37 °C for 10 min, centrifuged three times at 3000× g for 10 min, and then washed with PBS. The bacteria were resuspended in PBS with 3% glutaraldehyde and incubated at 4 °C for 2 h, followed by another centrifugation step. Cells were resuspended in PBS and fixed with 3% glutaraldehyde for 2 h at 0 °C, followed by fixation with osmium tetroxide for 2 h at 4 °C. The samples were then washed and dehydrated using increasing concentrations of ethanol. After the final ethanol wash, cells were resuspended in propylene oxide and centrifuged twice. The oxide was removed, and the material was deposited on epoxy resin and stirred overnight. Ultrafine cuts were made using an ultramicrotome. The sections were analyzed using a JEOL 100CX-II microscope (Japan). For quantitative comparison between samples, ten images were captured in random fields at 20,000× magnification. The treated and untreated samples were compared using ANOVA. Bacterial samples were prepared in biological duplicates.




4.12. In Vitro Directed Evolution


In vitro directed evolution, guided by the presence of Pln149-PEP20 and antibiotics, was performed in three biological replicates, as described by Jahnsen et al. [60], using S. aureus ATCC 25923 and A. baumannii ATCC 19606. In addition to ciprofloxacin, daptomycin and polymyxin B were used to treat S. aureus and A. baumannii, respectively. Initially, the MIC of the peptides or antibiotics had their MIC determined, as described in Section 4.3. On the day of the MIC reading, the absorbance at 600 nm was quantified using a Spectramac M5 (Molecular Devices). In wells where 50% or more inhibition was observed, the content was diluted 1:20 and used as a new bacterial inoculum for a new MIC microplate. This process was repeated daily for 30 days. After 30 days, the final lines were subjected to three passages in CAMH free of antibiotics or peptides for stabilization.




4.13. Genome Sequencing


After directed evolution for 30 days, mutants that showed reduced susceptibility to the peptide compared to the initial MIC and the wild-type strains were subjected to DNA extraction for genome sequencing. For the extraction, the QIAGEN® Dneasy Blood and Tissue Kit were used according to the manufacturer’s instructions. According to the manufacturer’s specifications, library preparation for Illumina sequencing was performed using the Nextera XT DNA Library Preparation Kit (Illumina). The quality and quantity of each sample library were measured using a TapeStation instrument (Agilent Technologies). Genomes were sequenced as 2 × 250 bp reads on an Illumina MiSeq sequencer, with a minimum depth of coverage of 126× (ranging from 126× to 242×). Sequence reads were assembled de novo, and variant detection was performed using the CLC Genomics Workbench (CLC Bio, Cambridge, MA). This whole-genome shotgun project has been deposited at DDBJ/ENA/GenBank under the accession numbers JAKSZW000000000, JAKSZX000000000, JAKSZY000000000, JAKWBH000000000, JALLNT000000000, JALLNR000000000, JALLNV000000000, JALLNW000000000, JALLNX000000000, JALLNY000000000, JALLNZ000000000, and JALLKB000000000.





5. Conclusions


An optimized analog with biological activity much more relevant than the original Plantaricin 149 was synthesized. Electrostatic interactions play a role in binding this analog to negatively charged lipids, which corresponds with its strong antimicrobial activity against Gram-positive bacteria. However, Pln149-PEP20 was also active against Gram-negative ESKAPE bacteria, and its synergism with vancomycin suggests a potential mode of action on the outer membrane of these organisms. The rapid membrane depolarization suggested that Pln149-PEP20 maintained the Plantaricin 149 carpet mode of membrane interaction.
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Table A1. MIC and MBC of Pln149-PEP20 against Gram-positive bacteria.






Table A1. MIC and MBC of Pln149-PEP20 against Gram-positive bacteria.





	
Species

	
Strains

	
Description

	
MIC (mg/L)

	
MBC (mg/L)






	
S. epidermidis

	
ATCC 35984

	
Clinical strain, catheter isolate. Strong biofilm former

	
2

	
8




	
ATCC 12228

	

	
1

	
2




	
S. aureus

	
ATCC 25923

	
Clinical strain.

	
8

	
16




	
SA16 [17]

	
Clinical strain.

MRSA, ST5-SCCmecII

	
8

	
16




	
SA88 *

	
Clinical strain.

MRSA + h-DNSSA, ST5-SCCmecII

	
8

	
16




	
SA43 [17]

	
Clinical strain.

MRSA, ST105- SCCmecII, TIG S

	
8

	
8




	
SA43 B2 [17]

	
In vitro selected

MRSA, ST105- SCCmecII, TIG S

	
8

	
8




	
SA43 B7 [17]

	
In vitro selected

ST105- MRSA, SCCmecII, TIG R (mepR mutation)

	
8

	
8




	
Mu50 [52]

	
MRSA, VISA, ST5

	
2

	
>8




	
ATCC 8095

	
Food isolate. Strong biofilm former

	
8

	
16




	
E. faecalis

	
VRE 109 [53]

	
Clinical strain, ST103, vanA

TIG S, VAN R

	
32

	
128




	
VRE 109 42C [53]

	
In vitro selected. ST103 vanA

TIG R, VAN R

	
32

	
128




	
VRE 80 [53]

	
Clinical strain. ST103 vanA

TIG R, VAN R,

	
32

	
128




	
V583

	
ST 6, vanB. VAN R, CN R

	
128

	
256




	
RPEfs1 *

	
Clinical strain. AMP S, CIP R, ERY R, LNZ S, MXF R, TEC S, TIG S, VAN S

	
128

	
128




	
RPEfs2 *

	
Clinical strain. AMP S, CIP S, ERY I, LNZ S, MXF S, TEC S, TIG S, VAN S

	
128

	
128




	
RPEfs3 *

	
Clinical strain. AMP S, CIP R, ERY R, LNZ S, MXF R, TEC R, TIG S, VAN R

	
128

	
128




	
RPEfs4 *

	
Clinical strain. AMP S, CIP R, ERY R, LNZ S, MXF S, TEC S, TIG S, VAN S

	
8

	
32




	
RPEfs5 *

	
Clinical strain. AMP S, CIP S, DAP S, LNZ S, NIT S, TEC S, TET R, VAN S

	
8

	
>32




	
ATCC 29212

	
Clinical strain, urine isolate

	
32

	
64




	
E. faecium

	
VRE 16 [54]

	
Clinical strain.

ST412, vanA. VAN R

	
32

	
32




	
HBSJRP18 [55]

	
Clinical strain.

ST412, DAP supersusceptible (lafB *)

	
32

	
64




	
HBSJRP18 2.7 [55]

	
In vitro selected. DAP S

	
32

	
64




	
HBSJRP18 3.6 [55]

	
In vitro selected. DAP R (dak *)

	
32

	
32




	
HBSJRP7 [55]

	
Clinical strain, muscle biopsy isolate

ST896, ermB, msrC, tetL, tetM, vanA.

DAP R, LNZ S, TED S, TEC R, VAN R

	
16

	
32




	
HBSJRP13 [55]

	
Clinical strain, bronchus alveolar lavage isolate

ST896, ermB, msrC, tetL, tetM, vanA.

DAP S, LNZ S, TED S, TEC R, VAN R

	
16

	
32




	
HBSJRP14 [55]

	
Clinical strain, urine isolate.

vanA. DAP S, LNZ S, TED S, TEC R, VAN R

	
16

	
64




	
HBSJRP23 [55]

	
Clinical strain, urine isolate.

DAP S, LNZ S, TED S, TEC S, VAN S

	
8

	
8




	
HBSJRP11 [55]

	
Clinical strain, urine isolate

DAP S, LNZ S, TED S, TEC S, VAN S

	
8

	
16




	
ATCC 700221

	
Human feces isolate.

vanA, VAN R

	
8

	
32








* Ilana Camargo, LEMiMo. American Type Culture Collection (ATCC), Sequence type (ST), Contains vancomycin resistance element VanA (vanA), methicillin-resistant Staphylococcus aureus (MRSA), S. aureus with intermediate vancomycin resistance (VISA), resistant (R), sensitive (S), intermediate (I), Amikacin (AK), Amoxicillin-clavulanate (AMC), Ampicillin (AMP), Ampicillin-sulbactam (SAM), Aztreonam (ATM), Cefepime (FEP), Cefotaxime (CTX), Cefoxitin (FOX), Cefpodoxime (CPD), Ceftazidime (CAZ), Ceftriaxone (CRO), Cefuroxime (CXM), Ciprofloxacin (CIP), Chloramphenicol (CHL), Colistin (CL), Daptomycin (DAP), Erythromycin (ERY), Ertapenem (ETP), Gentamicin (CN), Imipenem (IMI), Linezolid (LNZ), Meropenem (MEM), Moxifloxacin (MXF), Nitrofurantoin (NIT), Piperacillin (PIP), Piperacillin-tazobactam (PTZ), Polymyxin B (PB), Tedizolide (TED), Teicoplanin (TEC), Tetracycline (TET), Tigecycline (TIG), Trimethoprim-sulfamethoxazole (SXT), Vancomycin (VAN).
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Table A2. MIC and MBC of Pln149-PEP20 against Gram-negative bacteria.






Table A2. MIC and MBC of Pln149-PEP20 against Gram-negative bacteria.





	
Species

	
Strains

	
Description

	
MIC (mg/L)

	
MBC (mg/L)






	
K. pneumoniae

	
ATCC 700603

	
Clinical strain, urine isolate. blaKPC-, blaSHV-18 +

AMP R, ATM R, FOX R, CPD R, CAZ R, CHL R, PIP R, TET R

	
16

	
>64




	
ATCC BAA1705

	
Clinical strain, urine isolate. blaKPC+

	
16

	
>64




	
BHKPC50 *

	
Clinical strain, urine isolate. AK R, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP R, CL R, ETP R, CN R, IMI R, MEM R, PTZ R, TIG R

	
128

	
512




	
RPKp01 *

	
Clinical strain, urine isolate. AK S, AMP S, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP R, CL S, ETP R, CN S, IMI R, MEM R, PTZ R, TIG R

	
32

	
64




	
RPKp02 *

	
Clinical strain, rectal swab isolate. AK I, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP R, CL R, ETP R, CN S, IMI R, MEM R, PTZ R, TIG I

	
128

	
256




	
RPKp09 *

	
Clinical strain, surgical wound isolate. AK S, AMC R, AMP R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP S, CL S, ETP S, CN S, IMI R, MEM R, PTZ R, TIG R,

	
32

	
64




	
RPKp18 *

	
Clinical strain, blood isolate. AK S, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP S, CL R, ETP R, CN S, IMI R, MEM R, PTZ R, TIG S

	
128

	
256




	
NDM-1 (2146) **

	
NDM +

	
32

	
>128




	
AMKP4 [18]

	
Clinical strain. blaKPC-2

CL R, ETP R, IMI R, MEM R, PB R, TIG S

	
512

	
>512




	
AMKP7 [18]

	
Clinical strain. blaKPC-2

CL S, ETP R, IMI R, MEM R, PB S, TIG S

	
256

	
256




	
AMKP10 [18]

	
Clinical strain. ST2306, blaKPC-2, blaCTX-M8, blaSHV-11, tetA, aph(3′)-Ia, catB, aac(6′)Ib-cr, fosA, blaCTX-M15, oqxab, qnrS1, sul1, blaOXA-1, aadA2, dfrA12, mph(A), mgrB

AK S, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP R, CL R, ETP R, CN S, IMI R, MEM R, PB R, TIG S

	
512

	
>512




	
E. coli

	
ATCC 25922

	

	
32

	
64




	
ATCC 35218

	
Canine isolate. TEM-1 +

	
32

	
128




	
RPEc01 *

	
Clinical strain, urine isolate. AK R, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP S, CL S, ETP R, CN R, IMI R, MEM R, PTZ R, TIG S

	
32

	
128




	
BHKPC10 *

	
Clinical strain, urine isolate. AK S, AMC R, FEP R, CAZ R, CIP S, CN S, MEM R, NIT S, SXT S.

	
32

	
128




	
AMEc8 *

	
Clinical strain, urine isolate. AK S, AMP R, SAM R, FEP R, FOX R, CAZ R, CRO R, CXM R, CIP R, CL S, ETP R, CN R, IMI S, MEM S, PTZ R, TIG I

	
16

	
32




	
AMEc49 *

	
Clinical strain, cranial subdural empyema isolate. AK S, AMP R, SAM I, FEP S, FOX S, CAZ S, CRO R, CXM R, CIP S, CL S, MEM S, PTZ S, TIG S

	
32

	
64




	
AMEc60 *

	
Clinical strain, tracheal secretion isolate. AK S, AMP R, SAM R, FEP R, FOX S, CAZ R, CRO R, CXM R, CIP R, CL S, MEM S, PTZ S, TIG S

	
16

	
64




	
A. baumannii

	
ATCC 19606

	
Clinical strain, urine isolate.

	
32

	
64




	
ACI50 [20]

	
Clinical strain. AK R, SAM R, FEP R, CTX R, CAZ R, CRO R, CIP R, CL R, CN R, IMI R, MEM R, PTZ R PB R, TET I, TIG R, SXT R

	
64

	
128




	
ACI44 [20]

	
Clinical strain. AK R, SAM R, FEP R, CTX R, CAZ R, CRO R, CIP R, CL S, CN R, IMI R, MEM R, PTZ R, PB S, TET R, TIG R, SXT R

	
128

	
256




	
ACI51 [20]

	
Clinical strain. AK R, SAM R, FEP R, CTX R, CAZ R, CRO R, CIP R, CL R, CN R, IMI R, MEM R, PTZ R PB R, TET I, TIG R, SXT R

	
256

	
256




	
ACI40 [20]

	
Clinical strain. AK R, SAM R, FEP R, CTX R, CAZ R, CRO R, CIP R, CL S, CN R, IMI R, MEM R, PTZ R, PB S, TET R, TIG R, SXT R

	
64

	
128




	
ACI42 [20]

	
Clinical strain. AK R, SAM R, FEP R, CTX R, CAZ R, CRO R, CIP R, CL S, CN R, IMI R, MEM R, PTZ R, PB S, TET R, TIG R, SXT R

	
64

	
256




	
AM83 *

	
Clinical strain, tracheal secretion isolate. AK R, SAM R, FEP R, CAZ R, CRO R, CL S

	
32

	
128




	
AM87 *

	
Clinical strain, urine isolate. AK S, SAM R, FEP R, CAZ R, CRO R, CIP R, CL S

	
16

	
16




	
P. aeruginosa

	
ATCC 27853

	
Clinical strain, blood isolate. Inducible AmpC

	
32

	
128




	
RPPse09 *

	
Clinical strain, rectal swab isolate. AK S, FEP S, CAZ S, CIP S, CL S, CN S, IMI R, MEM R, PTZ S

	
256

	
512




	
RPPse07 *

	
Clinical strain, urine isolate. AK R, FEP R, CAZ I, CIP R, CL S, CN R, IMI R, MEM R, PTZ I

	
64

	
128




	
PSE6 [56]

	
KPC+

	
128

	
128




	
PAO1

	

	
128

	
256








* Ilana Camargo, LEMiMo, ** Ana Cristina Gales (LEMC/Alerta), American Type Culture Collection (ATCC), Sequence type (ST), resistant (R), sensitive (S), intermediate (I); Amikacin (AK), Amoxicillin-clavulanate (AMC), Ampicillin (AMP), Ampicillin-sulbactam (SAM), Aztreonam (ATM), Cefepime (FEP), Cefotaxime (CTX), Cefoxitin (FOX), Cefpodoxime (CPD), Ceftazidime (CAZ), Ceftriaxone (CRO), Cefuroxime (CXM), Ciprofloxacin (CIP), Chloramphenicol (CHL), Colistin (CL), Daptomycin (DAP), Erythromycin (ERY), Ertapenem (ETP), Gentamicin (CN), Imipenem (IMI), Linezolid (LNZ), Meropenem (MEM), Moxifloxacin (MXF), Nitrofurantoin (NIT), Piperacillin (PIP), Piperacillin-tazobactam (PTZ), Polymyxin B (PB), Tedizolide (TED), Teicoplanin (TEC), Tetracycline (TET), Tigecycline (TIG), Trimethoprim-sulfamethoxazole (SXT), Vancomycin (VAN).
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Figure A1. (a) SRCD spectra of Pln149-PEP20 in sodium phosphate buffer pH7 (black) and in the semidehydrated film on the surface of a quartz−Suprasil plate (red). (b) Helical wheel projection of the Pln149-PEP20 sequence. Nonpolar residues are labelled in yellow, positively charged residues are in blue. 






Figure A1. (a) SRCD spectra of Pln149-PEP20 in sodium phosphate buffer pH7 (black) and in the semidehydrated film on the surface of a quartz−Suprasil plate (red). (b) Helical wheel projection of the Pln149-PEP20 sequence. Nonpolar residues are labelled in yellow, positively charged residues are in blue.



[image: Antibiotics 12 00391 g0a1]







References


	



Aljeldah, M.M. Antimicrobial Resistance and Its Spread Is a Global Threat. Antibiotics 2022, 11, 1082. [Google Scholar] [CrossRef]

	



Reynolds, D.; Burnham, J.P.; Vazquez Guillamet, C.; McCabe, M.; Yuenger, V.; Betthauser, K.; Micek, S.T.; Kollef, M.H. The Threat of Multidrug-Resistant/Extensively Drug-Resistant Gram-Negative Respiratory Infections: Another Pandemic. Eur. Respir. Rev. 2022, 31, 220068. [Google Scholar] [CrossRef]

	



De Oliveira, D.M.P.; Forde, B.M.; Kidd, T.J.; Harris, P.N.A.; Schembri, M.A.; Beatson, S.A.; Paterson, D.L.; Walker, M.J. Antimicrobial Resistance in ESKAPE Pathogens. Clin. Microbiol. Rev. 2020, 33, e00181-19. [Google Scholar] [CrossRef]

	



Mahlapuu, M.; Björn, C.; Ekblom, J. Antimicrobial Peptides as Therapeutic Agents: Opportunities and Challenges. Crit. Rev. Biotechnol. 2020, 40, 978–992. [Google Scholar] [CrossRef]

	



Wang, G.; Li, X.; Wang, Z. APD3: The Antimicrobial Peptide Database as a Tool for Research and Education. Nucleic Acids Res. 2016, 44, D1087–D1093. [Google Scholar] [CrossRef]

	



Bellotti, D.; Remelli, M. Lights and Shadows on the Therapeutic Use of Antimicrobial Peptides. Molecules 2022, 27, 4584. [Google Scholar] [CrossRef]

	



Kristiansen, P.E.; Fimland, G.; Mantzilas, D.; Nissen-meyer, J. Structure and Mode of Action of the Membrane-Permeabilizing Antimicrobial Peptide Pheromone Plantaricin A *. J. Biol. Chem. 2005, 280, 22945–22950. [Google Scholar] [CrossRef]

	



Müller, D.M.; Carrasco, M.S.; Simonetta, A.C.; Beltramini, L.M.; Tonarelli, G.G. A Synthetic Analog of Plantaricin 149 Inhibiting Food-Borne Pathogenic Bacteria:Evidence for α-Helical Conformation Involved in Bacteria–Membrane Interaction. J. Pept. Sci. 2007, 13, 171–178. [Google Scholar] [CrossRef]

	



de Souza Lopes, J.L.; Hissa, D.C.; Melo, V.M.M.; Beltramini, L.M. Interaction of Antimicrobial Peptide Plantaricin149a and Four Analogs with Lipid Bilayers and Bacterial Membranes. Braz. J. Microbiol. 2013, 44, 1291–1298. [Google Scholar] [CrossRef]

	



Kumagai, P.S.; Sousa, V.K.; Donato, M.; Itri, R.; Beltramini, L.M.; Araujo, A.P.U.; Buerck, J.; Wallace, B.A.; Lopes, J.L.S. Unveiling the Binding and Orientation of the Antimicrobial Peptide Plantaricin 149 in Zwitterionic and Negatively Charged Membranes. Eur. Biophys. J. 2019, 48, 621–633. [Google Scholar] [CrossRef]

	



Iwamoto, K.; Hayakawa, T.; Murate, M.; Makino, A.; Ito, K.; Fujisawa, T.; Kobayashi, T. Curvature-Dependent Recognition of Ethanolamine Phospholipids by Duramycin and Cinnamycin. Biophys. J. 2007, 93, 1608–1619. [Google Scholar] [CrossRef]

	



Fernandez, D.I.; Sani, M.-A.; Miles, A.J.; Wallace, B.A.; Separovic, F. Membrane Defects Enhance the Interaction of Antimicrobial Peptides, Aurein 1.2 versus Caerin 1.1. Biochim. Biophys. Acta (BBA)-Biomembr. 2013, 1828, 1863–1872. [Google Scholar] [CrossRef] [PubMed]

	



Shai, Y. Mode of Action of Membrane Active Antimicrobial Peptides. Pept. Sci. Orig. Res. Biomol. 2002, 66, 236–248. [Google Scholar] [CrossRef] [PubMed]

	



Pendleton, J.N.; Gorman, S.P.; Gilmore, B.F. Clinical Relevance of the ESKAPE Pathogens. Expert Rev. Anti-Infect. Ther. 2013, 11, 297–308. [Google Scholar] [CrossRef]

	



WHO. Global Priority List of Antibiotic-Resistant Batceria to Guide Research, Discovery, and Development of New Antibiotics; WHO: Geneva, Switzerland, 2017. [Google Scholar]

	



Tran, T.B.; Velkov, T.; Nation, R.L.; Forrest, A.; Tsuji, B.T.; Bergen, P.J.; Li, J. Pharmacokinetics/Pharmacodynamics of Colistin and Polymyxin B: Are We There Yet? Int. J. Antimicrob. Agents 2016, 48, 592–597. [Google Scholar] [CrossRef] [PubMed]

	



Dabul, A.N.G.; Avaca-Crusca, J.S.; Van Tyne, D.; Gilmore, M.S.; Camargo, I.L.B.C. Resistance in In Vitro Selected Tigecycline-Resistant Methicillin-Resistant Staphylococcus aureus Sequence Type 5 Is Driven by Mutations in MepR and MepA Genes. Microb. Drug Resist. 2018, 24, 519–526. [Google Scholar] [CrossRef] [PubMed]

	



de Souza, R.C.; Dabul, A.N.G.; dos Santos Boralli, C.M.; Zuvanov, L.; da Cunha Camargo, I.L.B. Dissemination of BlaKPC-2 in an NTEKPC by an IncX5 Plasmid. Plasmid 2019, 106, 102446. [Google Scholar] [CrossRef]

	



Garbacz, K. Anticancer Activity of Lactic Acid Bacteria. Semin. Cancer Biol. 2022, 86, 356–366. [Google Scholar] [CrossRef]

	



de Melo Carrasco, L.D.; Dabul, A.N.G.; dos Santos Boralli, C.M.; Righetto, G.M.; Silva e Carvalho, I.; Dornelas, J.V.; Martins da Mata, C.P.S.; de Araújo, C.A.; Leite, E.M.M.; Lincopan, N.; et al. Polymyxin Resistance Among XDR ST1 Carbapenem-Resistant Acinetobacter Baumannii Clone Expanding in a Teaching Hospital. Front. Microbiol. 2021, 12, 622704. [Google Scholar] [CrossRef]

	



Li, Q.; Cebrián, R.; Montalbán-López, M.; Ren, H.; Wu, W.; Kuipers, O.P. Outer-Membrane-Acting Peptides and Lipid II-Targeting Antibiotics Cooperatively Kill Gram-Negative Pathogens. Commun. Biol. 2021, 4, 31. [Google Scholar] [CrossRef]

	



Kumagai, P.S.; DeMarco, R.; Lopes, J.L.S. Advantages of Synchrotron Radiation Circular Dichroism Spectroscopy to Study Intrinsically Disordered Proteins. Eur. Biophys. J. 2017, 46, 599–606. [Google Scholar] [CrossRef] [PubMed]

	



Bürck, J.; Wadhwani, P.; Fanghänel, S.; Ulrich, A.S. Oriented Circular Dichroism: A Method to Characterize Membrane-Active Peptides in Oriented Lipid Bilayers. Acc. Chem. Res. 2016, 49, 184–192. [Google Scholar] [CrossRef]

	



Wenzel, M.; Dekker, M.P.; Wang, B.; Burggraaf, M.J.; Bitter, W.; van Weering, J.R.T.; Hamoen, L.W. A Flat Embedding Method for Transmission Electron Microscopy Reveals an Unknown Mechanism of Tetracycline. Commun. Biol. 2021, 4, 306. [Google Scholar] [CrossRef]

	



Müller, A.; Klöckner, A.; Schneider, T. Targeting a Cell Wall Biosynthesis Hot Spot. Nat. Prod. Rep. 2017, 34, 909–932. [Google Scholar] [CrossRef] [PubMed]

	



Schäfer, A.-B.; Wenzel, M. A How-To Guide for Mode of Action Analysis of Antimicrobial Peptides. Front. Cell. Infect. Microbiol. 2020, 10, 540898. [Google Scholar] [CrossRef] [PubMed]

	



Saravolatz, L.D.; Pawlak, J.; Martin, H.; Saravolatz, S.; Johnson, L.; Wold, H.; Husbyn, M.; Olsen, W.M. Postantibiotic Effect and Postantibiotic Sub-MIC Effect of LTX-109 and Mupirocin on Staphylococcus aureus Blood Isolates. Lett. Appl. Microbiol. 2017, 65, 410–413. [Google Scholar] [CrossRef]

	



Alves, A.C.; Ribeiro, D.; Nunes, C.; Reis, S. Biophysics in Cancer: The Relevance of Drug-Membrane Interaction Studies. Biochim. Biophys. Acta (BBA)-Biomembr. 2016, 1858, 2231–2244. [Google Scholar] [CrossRef] [PubMed]

	



Awouafack, M.D.; McGaw, L.J.; Gottfried, S.; Mbouangouere, R.; Tane, P.; Spiteller, M.; Eloff, J.N. Antimicrobial Activity and Cytotoxicity of the Ethanol Extract, Fractions and Eight Compounds Isolated from Eriosema Robustum (Fabaceae). BMC Complement. Altern. Med. 2013, 13, 289. [Google Scholar] [CrossRef] [PubMed]

	



Scholar, E. Vancomycin. In xPharm: The Comprehensive Pharmacology Reference; Elsevier: Amsterdam, The Netherlands, 2007; pp. 1–6. [Google Scholar]

	



Dik, D.A.; Fisher, J.F.; Mobashery, S. Cell-Wall Recycling of the Gram-Negative Bacteria and the Nexus to Antibiotic Resistance. Chem. Rev. 2018, 118, 5952–5984. [Google Scholar] [CrossRef]

	



Azam, M.W.; Khan, A.U. Updates on the Pathogenicity Status of Pseudomonas Aeruginosa. Drug Discov. Today 2019, 24, 350–359. [Google Scholar] [CrossRef]

	



Olaitan, A.O.; Morand, S.; Rolain, J.M. Mechanisms of Polymyxin Resistance: Acquired and Intrinsic Resistance in Bacteria. Front. Microbiol. 2014, 5, 643. [Google Scholar] [CrossRef] [PubMed]

	



Keane, F.M.; Loughman, A.; Valtulina, V.; Brennan, M.; Speziale, P.; Foster, T.J. Fibrinogen and Elastin Bind to the Same Region within the A Domain of Fibronectin Binding Protein A, an MSCRAMM of Staphylococcus aureus. Mol. Microbiol. 2007, 63, 711–723. [Google Scholar] [CrossRef]

	



Rudkin, J.K.; Edwards, A.M.; Bowden, M.G.; Brown, E.L.; Pozzi, C.; Waters, E.M.; Chan, W.C.; Williams, P.; O’Gara, J.P.; Massey, R.C. Methicillin Resistance Reduces the Virulence of Healthcare-Associated Methicillin-Resistant Staphylococcus aureus by Interfering with the agr Quorum Sensing System. J. Infect. Dis. 2012, 205, 798–806. [Google Scholar] [CrossRef] [PubMed]

	



Taglialegna, A.; Varela, M.C.; Rosato, R.R.; Rosato, A.E. VraSR and Virulence Trait Modulation during Daptomycin Resistance in Methicillin-Resistant Staphylococcus aureus Infection. mSphere 2019, 4, e00557-18. [Google Scholar] [CrossRef]

	



Tocchetti, A.; Iorio, M.; Hamid, Z.; Armirotti, A.; Reggiani, A.; Donadio, S. Understanding the Mechanism of Action of NAI-112, a Lanthipeptide with Potent Antinociceptive Activity. Molecules 2021, 26, 6764. [Google Scholar] [CrossRef] [PubMed]

	



Graf, A.; Lewis, R.J.; Fuchs, S.; Pagels, M.; Engelmann, S.; Riedel, K.; Pané-Farré, J. The Hidden Lipoproteome of Staphylococcus aureus. Int. J. Med. Microbiol. 2018, 308, 569–581. [Google Scholar] [CrossRef] [PubMed]

	



Geiger, T.; Goerke, C.; Fritz, M.; Schäfer, T.; Ohlsen, K.; Liebeke, M.; Lalk, M.; Wolz, C. Role of the (p)PpGpp Synthase RSH, a RelA/SpoT Homolog, in Stringent Response and Virulence of Staphylococcus aureus. Infect. Immun. 2010, 78, 1873–1883. [Google Scholar] [CrossRef]

	



Anderson, K.L.; Roberts, C.; Disz, T.; Vonstein, V.; Hwang, K.; Overbeek, R.; Olson, P.D.; Projan, S.J.; Dunman, P.M. Characterization of the Staphylococcus aureus Heat Shock, Cold Shock, Stringent, and SOS Responses and Their Effects on Log-Phase MRNA Turnover. J. Bacteriol. 2006, 188, 6739–6756. [Google Scholar] [CrossRef]

	



Horvatek, P.; Salzer, A.; Hanna, A.M.F.; Gratani, F.L.; Keinhörster, D.; Korn, N.; Borisova, M.; Mayer, C.; Rejman, D.; Mäder, U.; et al. Inducible Expression of (Pp)PGpp Synthetases in Staphylococcus aureus Is Associated with Activation of Stress Response Genes. PLoS Genet. 2020, 16, e1009282. [Google Scholar] [CrossRef]

	



He, L.; He, T.; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants Maintain Cellular Redox Homeostasis by Elimination of Reactive Oxygen Species. Cell. Physiol. Biochem. 2017, 44, 532–553. [Google Scholar] [CrossRef]

	



Trisolini, L.; Gambacorta, N.; Gorgoglione, R.; Montaruli, M.; Laera, L.; Colella, F.; Volpicella, M.; De Grassi, A.; Pierri, C.L. FAD/NADH Dependent Oxidoreductases: From Different Amino Acid Sequences to Similar Protein Shapes for Playing an Ancient Function. J. Clin. Med. 2019, 8, 2117. [Google Scholar] [CrossRef]

	



Quistgaard, E.M.; Löw, C.; Guettou, F.; Nordlund, P. Understanding Transport by the Major Facilitator Superfamily (MFS): Structures Pave the Way. Nat. Rev. Mol. Cell Biol. 2016, 17, 123–132. [Google Scholar] [CrossRef]

	



Loehfelm, T.W.; Luke, N.R.; Campagnari, A.A. Identification and Characterization of an Acinetobacter Baumannii Biofilm-Associated Protein. J. Bacteriol. 2008, 190, 1036–1044. [Google Scholar] [CrossRef] [PubMed]

	



Lu, S.; Wang, J.; Chitsaz, F.; Derbyshire, M.K.; Geer, R.C.; Gonzales, N.R.; Gwadz, M.; Hurwitz, D.I.; Marchler, G.H.; Song, J.S.; et al. CDD/SPARCLE: The Conserved Domain Database in 2020. Nucleic Acids Res. 2020, 48, D265–D268. [Google Scholar] [CrossRef] [PubMed]

	



Yen, C.-T.; Wu, C.-C.; Lee, J.-C.; Chen, S.-L.; Morris-Natschke, S.L.; Hsieh, P.-W.; Wu, Y.-C. Cytotoxic N-(Fluorenyl-9-Methoxycarbonyl) (Fmoc)-Dipeptides: Structure–Activity Relationships and Synergistic Studies. Eur. J. Med. Chem. 2010, 45, 2494–2502. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, P.; Kizhakkedathu, J.; Straus, S. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. [Google Scholar] [CrossRef] [PubMed]

	



Merrifield, R.B. Solid Phase Peptide Synthesis. I. The Synthesis of a Tetrapeptide. J. Am. Chem. Soc. 1963, 85, 2149–2154. [Google Scholar] [CrossRef]

	



DABUL, A.N.G.; CAMARGO, I.L.B.C. Molecular Characterization of Methicillin-Resistant Staphylococcus aureus Resistant to Tigecycline and Daptomycin Isolated in a Hospital in Brazil. Epidemiol. Infect. 2014, 142, 479–483. [Google Scholar] [CrossRef] [PubMed]

	



Kuroda, M.; Ohta, T.; Uchiyama, I.; Baba, T.; Yuzawa, H.; Kobayashi, I.; Cui, L.; Oguchi, A.; Aoki, K.; Nagai, Y.; et al. Whole Genome Sequencing of Meticillin-Resistant Staphylococcus aureus. Lancet 2001, 357, 1225–1240. [Google Scholar] [CrossRef] [PubMed]

	



Dabul, A.N.G.; Avaca-Crusca, J.S.; Navais, R.B.; Merlo, T.P.; Van Tyne, D.; Gilmore, M.S.; Camargo, I.L.B. da C. Molecular Basis for the Emergence of a New Hospital Endemic Tigecycline-Resistant Enterococcus Faecalis ST103 Lineage. Infect. Genet. Evol. 2019, 67, 23–32. [Google Scholar] [CrossRef]

	



de Mello, S.S.; Van Tyne, D.; Dabul, A.N.G.; Gilmore, M.S.; Camargo, I.L.B.C. High-Quality Draft Genome Sequence of the Multidrug-Resistant Clinical Isolate Enterococcus Faecium VRE16. Genome Announc. 2016, 4, e00992-16. [Google Scholar] [CrossRef] [PubMed]

	



Mello, S.S.; Van Tyne, D.; Lebreton, F.; Silva, S.Q.; Nogueira, M.C.L.; Gilmore, M.S.; Camargo, I.L.B.C. A Mutation in the Glycosyltransferase Gene LafB Causes Daptomycin Hypersusceptibility in Enterococcus Faecium. J. Antimicrob. Chemother. 2020, 75, 36–45. [Google Scholar] [CrossRef] [PubMed]

	



Galetti, R.; Andrade, L.N.; Chandler, M.; de Mello Varani, A.; Darini, A.L.C. New Small Plasmid Harboring Bla KPC-2 in Pseudomonas Aeruginosa. Antimicrob. Agents Chemother. 2016, 60, 3211–3214. [Google Scholar] [CrossRef]

	



CLSI. Methods for Determining Bactericidal Activity of Antimicrobial Agents, Approved Guideline, 1st ed.; NCCLS document M26-A; CLSI: Wayne, PA, USA, 1999; ISBN 1-56238-384-1. [Google Scholar]

	



CLSI. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically, 10th ed.; CLSI Standard M07; CLSI: Wayne, PA, USA, 2018; ISBN 1562389874. [Google Scholar]

	



Castro, M.S.; Ferreira, T.C.G.; Cilli, E.M.; Crusca, E.; Mendes-Giannini, M.J.S.; Sebben, A.; Ricart, C.A.O.; Sousa, M.V.; Fontes, W. Hylin A1, the First Cytolytic Peptide Isolated from the Arboreal South American Frog Hypsiboas Albopunctatus (“spotted Treefrog”). Peptides 2009, 30, 291–296. [Google Scholar] [CrossRef]

	



Indrayanto, G.; Putra, G.S.; Suhud, F. Validation of In-Vitro Bioassay Methods: Application in Herbal Drug Research. Excip. Relat. Methodol. 2021, 46, 273–307. [Google Scholar]

	



Jahnsen, R.D.; Haney, E.F.; Franzyk, H.; Hancock, R.E.W. Characterization of a Proteolytically Stable Multifunctional Host Defense Peptidomimetic. Chem. Biol. 2013, 20, 1286–1295. [Google Scholar] [CrossRef]

	



Bürck, J.; Roth, S.; Wadhwani, P.; Afonin, S.; Kanithasen, N.; Strandberg, E.; Ulrich, A.S. Conformation and Membrane Orientation of Amphiphilic Helical Peptides by Oriented Circular Dichroism. Biophys. J. 2008, 95, 3872–3881. [Google Scholar] [CrossRef] [PubMed]

	



Miles, A.J.; Wallace, B.A. CDtoolX, a Downloadable Software Package for Processing and Analyses of Circular Dichroism Spectroscopic Data. Protein Sci. 2018, 27, 1717–1722. [Google Scholar] [CrossRef]








[image: Antibiotics 12 00391 g001 550] 





Figure 1. Pln149-PEP20 time-kill against (a) S. aureus ATCC 25923 (MIC = 8 mg/L) and (b) S. aureus SA43 (MIC = 8 mg/L). 
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Figure 2. Pln149-PEP20 time-kill against (a) A. baumannii ATCC 19606 (MIC = 32 mg/L) and (b) A. baumannii ACI50 (MIC = 64 mg/L). 
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Figure 3. Heat map of synergism between Pln149-PEP20 and vancomycin (a) without and (b) with the addition of Mg+2 for A. baumannii ATCC 19606. The blue color represents the average absorbance of bacterial growth of three biological replicates. 
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Figure 4. Pln149-PEP20 cytoplasmic membrane depolarization for (a) S. aureus ATCC 25923 (MIC = 8 mg/L). (b) A. baumannii ATCC 19606 (MIC = 32 mg/L). 






Figure 4. Pln149-PEP20 cytoplasmic membrane depolarization for (a) S. aureus ATCC 25923 (MIC = 8 mg/L). (b) A. baumannii ATCC 19606 (MIC = 32 mg/L).



[image: Antibiotics 12 00391 g004]







[image: Antibiotics 12 00391 g005 550] 





Figure 5. (a) SRCD spectra of Pln149-PEP20 in 10 mM sodium phosphate buffer pH 7 (black), 50% TFE (red), in the presence of the surfactants sodium dodecyl sulfate (SDS, olive) or N−hexadecyl−N−N’ dimethyl−3−ammonia−1−propane−sulfonate (HPS, blue), or vesicles of POPC (gray), POPE (magenta), POPS (green), and POPG (orange), at a 1/50 peptide-to-lipid molar ratio. (b) o-SRCD spectra of PEP20 in lipid bilayers of POPS (black) and POPG (red). 
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Figure 6. TEM for S. aureus ATCC 25923 treated with Pln149-PEP20 (MIC = 8 mg/L). (a) non-treated cells. Scale bar = 1 µm (b) non-treated cell in detail, with intact cell wall and membrane. Scale bar = 200 nm (c) 1 × MIC treated cells, showing cell debris and deficient cells. Scale bar = 1 µm (d) 1 × MIC treated cells in detail, showing cell debris, cell with defective division septum, and intralamellar structures. Scale bar = 200 nm (e) 4 × MIC treated cells, showing cell debris and deficient cells. Scale bar = 1 µm (f) 4 × MIC treated cells in detail, showing cell with defective division septum, intralamellar structures, and diffuse membrane. Scale bar = 200 nm. 
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Figure 7. TEM for A. baumannii ATCC 19606 treated with Pln149-PEP20 (MIC = 32 mg/L). (a) non-treated cells. Scale bar = 1 µm (b) non-treated cell in detail, with homogeneous intracellular content. Scale bar = 200 nm (c) 0.5 × MIC treated cells, showing some cell debris and condensation of cytoplasmic content. Scale bar = 1 µm (d) 0.5 × MIC treated cells, showing breakage of cell wall and membrane, besides condensation of cytoplasmic content in the peripheral area of cells. Scale bar = 500 nm (e) 1 × MIC treated cells, showing peripheral cytoplasmic condensation. Scale bar = 1 µm (f) 1 × MIC treated cells, showing peripheral cytoplasmic condensation and diffuse membranes. Scale bar = 500 nm (g) 4 × MIC treated cells, showing a heterogenous intracellular content distribution and bleb formation, typical of membrane disturbing treatments. Scale bar = 1 µm (h) 4 × MIC treated cell, with completely disturbed cell wall and membranes, surrounded by blebs. Scale bar = 200 nm. 
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Figure 8. Relative MIC increase for each 30-day exposure, including exposure with Pln149-PEP20, each replicate represented in a shade of gray. (a) S. aureus ATCC 25923 (b) A. baumannii ATCC 19606. 
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Table 1. Antimicrobial and hemolytic activity of Plantaricin 149 analogs.
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Peptide

	
Sequence

	
Minimal Inhibitory Concentration (mg/L)

	
HC50 (mg/L)




	
S. epidermidis ATCC 35984

	
S. aureus ATCC 25923

	
E. faecalis ATCC 29212

	
E. faecium ATCC 700221

	
K. pneumoniae ATCC 700603

	
E. coli ATCC 25922

	
A. baumannii ATCC 19606

	
P. aeruginosa ATCC 27583






	
Fmoc-Pln149

	
Fmoc -YSLQMGATAIKQVKKLFKKKGG

	
32

	
256

	
128

	
64

	
256

	
128

	
32

	
256

	
4




	
Fmoc-Pln149(6-22)

	
Fmoc -GATAIKQVKKLFKKKGG

	
128

	
512

	
512

	
128

	
512

	
512

	
64

	
512

	
>128




	
Pln149-PEP20

	
Fmoc -KAVKKLFKKWG

	
4

	
16

	
32

	
16

	
32

	
64

	
32

	
64

	
>512








HC50 concentration of 50% hemolysis rate.
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Table 2. Post-antibiotic effect of Pln149-PEP20.
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Bacterial Strains

	
PAE of the Treatments (h ± s.d.)






	

	
Pln149-PEP20 0.5 × MIC

	
Pln149-PEP20 1 × MIC




	
S. aureus ATCC 25923 (MIC = 8 mg/L)

	
4.0 ± 1.0

	
5.5 ± 2.0




	
S. aureus SA43 [17] (MIC = 8 mg/L)

	
4.0 ± 0.5

	
5.0 ± 1.0




	
A. baumannii ATCC 19606 (MIC = 32 mg/L)

	
3.5 ± 0.5

	
4.5 ± 0.5




	
A. baumannii ACI50 [18] (MIC = 64 mg/L)

	
N.O.

	
2.5 ± 0.5








N.O.: not observed; s.d.: standard deviation.
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Table 3. Selectivity Index (SI) for Pln149-PEP20.
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	CIM50 (mg/L)
	SI (THP-1)
	SI (HFF-1)





	Gram-positives
	8
	8
	7



	Gram-negatives
	32
	2
	2










[image: Table] 





Table 4. Synergism for Pln149-PEP20 in A. baumannii ATCC 19606 (MIC = 32 mg/L).
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Antibiotics

	
Antibiotics MIC (mg/L)

	
Combination (mg/L)

	
FIC Index




	
MICANTIBIOTIC

	
MICPln149-PEP20






	
Ciprofloxacin

	
1

	
0.06

	
8

	
2




	
Tobramycin

	
4

	
4

	
16

	
1.5




	
Polymyxin B

	
1

	
0.25

	
2

	
0.312




	
Vancomycin

	
>64

	
2

	
4

	
0.133




	
Ampicillin

	
>64

	
16

	
4

	
0.375
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Table 5. Synergism of Gram-negative strains for Pln149-PEP20 and vancomycin.






Table 5. Synergism of Gram-negative strains for Pln149-PEP20 and vancomycin.





	
Bacterial Strains

	
Main Phenotype

	
Pln149-PEP20 MIC (mg/L)

	
Vancomycin MIC (mg/L)

	
Combination (mg/L)

	
FIC Index




	
MICPln149-PEP20

	
MICVancomycin






	
K. pneumoniae ATCC 700603

	

	
64

	
>64

	
8

	
2

	
0.133




	
K. pneumoniae AMKP7 [18]

	
KPC+, CL S

	
512

	
128

	
128

	
16

	
0.375




	
K. pneumoniae AMKP4 [18]

	
KPC+, CL R

	
512

	
>64

	
256

	
64

	
0.75




	
K. pneumoniae AMKP10 [18]

	
KPC+, CL R

	
512

	
>64

	
512

	
>64

	
2




	
A. baumannii ATCC 19606

	

	
32

	
>64

	
4

	
2

	
0.133




	
A. baumannii ACI40 [20]

	
CL S

	
64

	
>64

	
8

	
2

	
0.133




	
A. baumannii ACI50 [20]

	
CL R

	
64

	
>64

	
2

	
16

	
0.093




	
E. coli ATCC 25922

	

	
32

	
>64

	
4

	
2

	
0.133




	
P. aeruginosa ATCC 27853

	
Inducible AmpC

	
32

	
>64

	
32

	
>64

	
2








KPC+—Klebsiella pneumoniae Carbapenemase (KPC) Producing Bacteria; CL R—Resistant to colistin; CL S—Sensible to colistin.
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Table 6. Comparison between the initial and final strains of the S. aureus ATCC 25923 in vitro selection with Pln149-PEP20.
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Replicate

	
Sequencing Coverage *

	
N50

	
Mutation

	
Change

	
Altered Protein






	
A

	
153×

	
19,562

	
G > A

	
Ala111Thr

	
Hypothetical protein




	
C > T

	
Ser164Phe

	
Bifunctional synthetase (p)ppGpp/guanosine-3′-5′-bis(diphosphate)-3′-pyrophosphohydrolase




	
A > T

	
Gln152His

	
DUF1672 domain protein




	
T > A

	
Ser194Thr

	
FAD-containing oxidoreductase




	
B

	
173×

	
14,266

	
394_395Ins **

	
Frameshift mutation

	
Fibronectin binding precursor (fnbA)




	
C > A

	
Leu171Ile

	
Major facilitator superfamily




	
5_6Ins ***

	
Frameshift mutation

	
Major facilitator superfamily




	
C

	
138×

	
12,146

	
T > C

	
Leu893Ser

	
Clumping factor A (ClfA)




	
A > T

	
Gln152His

	
DUF1672 domain protein








* Coverages of the initial strains were 148×, 97×, and 112×, respectively; ** Insertion of ACGCTGATGTTGTTGAATATGAA between nucleotides 394 and 395 of the gene encoding the protein; *** Insertion of CT between nucleotides 5 and 6 of the gene encoding the protein.
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Table 7. Comparison between the initial and final strains of the A. baumannii ATCC 19606 in vitro selection with Pln149-PEP20.






Table 7. Comparison between the initial and final strains of the A. baumannii ATCC 19606 in vitro selection with Pln149-PEP20.





	
Replicate

	
Sequencing Coverage *

	
N50

	
Mutation

	
Change

	
Altered Protein






	
A

	
201×

	
14,063

	
G > C

	
Ser126Thr

	
Ig-like domain-containing protein




	
A > G

	
Thr128Ala




	
CT > GC

	
Thr137Ser




	
A > T

	
Thr139Ser




	
T > AACC

	
Asn **




	
AAAT > GGTG

	
Asn146Val




	
A > C

	
Lys150Thr




	
TT > CA

	
Ile154Thr




	
C > A

	
Pro162Thr




	
GGA > TTG

	
Gly164Leu




	
CT > GC

	
Ala168Gly




	
TT > CA

	
Ile169Thr




	
GAT > TCA

	
Asp171Ser




	
517_518Ins ***

	
***




	
T > CACA

	
Thr ****




	
GACA > TGTG

	
Thr176Val




	
TA > GG

	
Asn180Asp




	
A > G

	
Thr265Ala




	
B

	
190×

	
8,576

	
T > AACC

	
Asn *****

	
Ig-like domain-containing protein




	
AAAT > GGTG

	
Asn243Val




	
A > C

	
Lys247Thr




	
TT > CA

	
Ile251Thr




	
C > A

	
Pro259Thr




	
C

	
141×

	
7,603

	
TA > GG

	
Asn164Asp

	
Ig-like domain-containing protein








* Coverages of the initial strains were 173×, 200×, and 178×, respectively; ** Insertion of Asn between Gly144 and Leu145; *** Insertion of ACA between nucleotides 517 and 518 of the gene encoding the protein, resulting in Val173 deletion and insertion of Asp and Ile; **** Insertion of Thr between Val173 and Ala174; ***** Insertion of Asn between Gly241 and Leu242.
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