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Abstract

:

Here we designed and synthesized analogs of two antimicrobial peptides, namely C10:0-A2, a lipopeptide, and TA4, a cationic α-helical amphipathic peptide, and used non-proteinogenic amino acids to improve their therapeutic properties. The physicochemical properties of these analogs were analyzed, including their retention time, hydrophobicity, and critical micelle concentration, as well as their antimicrobial activity against gram-positive and gram-negative bacteria and yeast. Our results showed that substitution with D- and N-methyl amino acids could be a useful strategy to modulate the therapeutic properties of antimicrobial peptides and lipopeptides, including enhancing stability against enzymatic degradation. The study provides insights into the design and optimization of antimicrobial peptides to achieve improved stability and therapeutic efficacy. TA4(dK), C10:0-A2(6-NMeLys), and C10:0-A2(9-NMeLys) were identified as the most promising molecules for further studies.
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1. Introduction


Antimicrobial peptides (AMPs) are a class of small molecules produced by numerous living organisms as part of their host innate immune response to infection [1,2,3]. AMPs derived from insects and other species have demonstrated the ability to eliminate invading pathogens, holding promise with regard to the prospect of developing AMPs as alternatives to antibiotics [4,5]. AMP research endeavors started back in the 1980s with the discovery of insect cecropins by Hans Boman, human α-defensins by Robert Lehrer, and magainins by Michael Zasloff [6]. Over 3300 kinds of AMPs have now been found in a vast number of biological sources, ranging from microbes to plants and animals [7]. These peptides may have optimal properties for further drug development. In this regard, they can permeabilize and disrupt the bacterial membrane, regulate the immune system, exert broad-spectrum antibiofilm activity, and show a reduced propensity for selective bacterial resistance [8,9,10,11]. Although the use of AMPs has primarily been limited to topical infections due to their relatively narrow druggability and lack of special unique protocols to assess pharmacodynamics, the advantages of these molecules over conventional antibiotics have attracted wide attention from the research community [12,13].



Some AMPs have already found clinical and commercial applications [14]. However, the future design and optimization of novel AMPs call for efforts to improve the antimicrobial activity of these molecules, minimize their cytotoxicity, and reduce their proteolytic degradation or biological fluid inhibition [15,16,17,18]. In this regard, the goal is to design new molecules with high specificity for prokaryotic cell membranes but minimal toxicity toward eukaryotic membranes. To pursue this objective, methodologies of combinatorial chemistry and/or rational design can be used. The sequences of these new molecules may contain non-proteinogenic amino acids, such as D-amino acids, β-amino acids, and N-methyl amino acids, or their conformational structure can be modified by cyclization to improve stability against proteases and interaction with the membranes of microorganisms [17,18,19,20,21]. Here, we report the optimization of novel antimicrobials by the addition of D- and N-methyl amino acids to not only improve the biological activity of the molecules but also their therapeutic properties.




2. Results and Discussion


In a previous study, we reported a potent antimicrobial lipopeptide, namely C10:0-A2, and a cationic decapeptide (IKQVKKLFKK) which was conjugated with decanoic acid (C10:0) [22]. This lipopeptide exhibited potent broad-spectrum activity against gram-positive and gram-negative bacteria with a MIC range of 1.4 to 2.8 μM, and was able to inhibit the degrowth of yeast (MIC = 90.6 μM). Nevertheless, its selectivity is low due to its moderate hemolytic activity, around 50% of hemolysis at 200 μM. We demonstrated that C10:0-A2 adopted an amphipathic α-helix structure in bacterial membrane mimetic vesicles but remained unstructured in the presence of eukaryotic membrane mimetic vesicles. Therefore, we suggest that the adoption of a stable secondary structure is a key factor for antibacterial activity, while the hemolytic activity is governed by the lipopeptide hydrophobicity. In a later study, we went on to describe the design and synthesis of a cationic 12 residue α-helical amphipathic peptide, TA4, based on a pharmacophore motif of bacteriocin Pln 149 (KLFK), which resulted in a promising antimicrobial with a MIC range of 2.5 to 10.2 μM against bacteria, and 40.8 μM against yeast. [23]. This peptide showed moderate hemolytic activity (around 40% of hemolysis at 200 μM), therefore affecting their selectivity and therapeutic window. Structurally, TA4 has high cationicity (+7) which comprises 50% of hydrophobic amino acids, and adopts an amphipathic α-helical secondary structure in the presence of DPPG vesicles that mimic bacterial membranes, resulting in an optimal combination to ensure membrane permeabilization. Due to the antimicrobial properties and structural features described above, these molecules are of great potential as possible candidates for the development of alternative antimicrobials. It is widely known that natural peptides are susceptible to degradation by digestive and serum enzymes, which reduce the oral bioavailability and half-life circulation of these molecules, and consequently, diminishes their therapeutic efficacy [15]. To improve the therapeutic properties of the two aforementioned peptides, we designed and synthesized analogs in which non-proteinogenic amino acids, namely D- and N-Me, were introduced.



2.1. Peptide Synthesis and Physicochemical Characterization


The synthetic peptide and lipopeptides containing D- and N-methyl amino acids are shown in Table 1. All the compounds were synthesized as amide peptides by solid-phase peptide synthesis (SPPS).



HPLC analyses showed that the substitution with D- and N-methyl amino acids decreased the retention time (rt) (see Table 1), and thus, their experimental hydrophobicity. Therefore, this observation indicates that the substitution affects the interaction of the peptides and lipopeptides with the stationary phase of the column, possibly because the peptide sequence adopts a distinct conformation in a hydrophobic environment. Several studies report that the substitution by D- or N-methyl amino acids affects the adoption of the secondary structure of helical peptides, which causes a decrease in the retention time when the compounds elute from HPLC columns [24,25]. Using HPLC analysis, De Vleeschouwer et al. (2017) observed that the retention time of N-methylated analogs of a cyclic lipopeptide (pseudodesmin A) significantly decreased, as did their hydrophobicity. Although N-methylation is expected to increase hydrophobicity, and thus retention time, these authors found that when N-methylation occurs at the center position of the peptide sequence, as demonstrated by 1HNMR analyses, there was a dramatic impact on the overall conformation of the compound. In addition, the presence of an N-alkyl group in an amino acid within the peptide sequence eliminates the possibility of inter- and intra-molecular hydrogen bond formation, thus destabilizing or modifying the secondary structures that can be adopted by the peptide [26].



On the other hand, acylation confers that the peptide has capacity to self-assemble into nanostructures, resulting in a surfactant-like structure, which may affect the extent of peptide insertion and disruption of bacterial membrane integrity. In this work, the CMC of the lipopeptides was determined by conductimetry in Milli-Q water. All the lipopeptides adopted a micellar assembly with CMC values ranging from 2.0 to 5.7 mM (Table 1). The CMC values of all the lipopeptides containing N-methyl amino acids were lower than those of C10:0-A2, thereby indicating that the presence of N-methyl amino acids in the peptidyl motif facilitated self-assembly into micelles. This effect appeared to be more important when substitution by an N-methyl amino acid was performed on amino acids located on the non-polar face of the amphipathic helix (CMC values of C10:0-A2(8-NMePhe) = 2.01 mM). For all the lipopeptides, the CMC values remained above the MIC values, which could indicate that these molecules interact with the cell membrane as monomers and, consequently, that this property would not be necessary for antimicrobial activity. This notion is in concordance with reports in the literature on short cationic lipopeptides [27,28].




2.2. Antimicrobial Activity


Table 2 shows the antimicrobial activity of the peptides and lipopeptides against bacterial strains and yeast. The substitution of natural amino acids by N-methyl amino acids allowed us to obtain analogs with similar antibacterial activity, and in some cases, greater activity than non-substituted molecules, particularly against P. aeruginosa strain ATCC 27853. Only some analogs showed a slightly higher MIC value than the non-substituted ones against E. faecalis. For the lipopeptides, the substitution of L-Lys by L-NMe-Lys in positions six and nine was the most favorable for antibacterial activity, whereas in analogs with a replacement of L-Phe by L-NMe-Phe and L-Lys by L-NMe-Lys in positions eight and five, respectively, a slight reduction of activity was observed. Thus, this finding suggests that these amino acids are important for the biological activity of the compounds. For peptide TA4, the substitution of two L-Phe by L-NMe-Phe was less favorable against gram (+) bacterial strains.



In a structure–activity relationship study, Velkov et al. addressed the effect of N-methylation at different positions (two to seven) of the Leu10-teixobactin depsipeptide. In general, they observed that N-methylation had a negative effect on antimicrobial activity. Those authors suggested that this loss of activity was due to a conformational change and/or a reduction in the ability to form a multimeric active structure by blocking hydrogen bond formation [29].



In contrast, we found that the substitution by D-amino acids was less suitable for antibacterial activity. TA4(dK) showed satisfactory inhibitory activity against all the bacterial strains tested (MIC values = 5 to 20.4 µM), although the MIC values were higher than those of TA4, while C10:0-A2(dk) retained the inhibitory activity only against gram (−) bacterial strains. These results are consistent with those reported by Zhao et al. (2016) for a D-Lys substituted analog of polybia-MPI: an α-helical cationic peptide isolated from the wasp Polybia paulista (IDWKKLLDAAKQIL-NH2). The replacement of three L-Lys by D-Lys resulted in a loss of antimicrobial activity against gram (+) and (−) bacteria. The authors suggested that this effect on antibacterial activity was due to a reduction in α-helical conformation in a membrane-mimicking environment [21].



Concerning antifungal activity, most of the substituted analogs inhibited the growth of the two yeast strains tested. In particular, C10:0-A2(6-NMeLys) showed improved inhibitory activity against C. albicans. For TA4, the substitution of the seven L-Lys by D-Lys considerably reduced inhibitory activity against the two yeast strains.



Most of the peptide and lipopeptide analogs synthesized in this work showed antibacterial (0.7–40 μM) and antifungal (44.9–181.2 μM) activity similar to that of antimicrobial peptides that are in clinical trials for FDA approval. Pexiganan, a lysine-substituted analog of magainin-2 is a potent broad-spectrum antibacterial (MIC values: 2–64 μg/mL (0.8–26 μM). It is being developed as a topical therapy for infected foot ulcers in patients with diabetes [30] Likewise, omiganan, a peptide comprising 12 amino acid residues that is derivate of indolicin (ILRWPWWPWRRK-amide) with a broad-spectrum of antimicrobial activity (MIC values against gram (+) and (−) bacteria: 0.5–256 ug/mL (0.25–130.5 uM) and against Candida sp.: 16 to 256 ug/mL (8–130.5 uM) is being developed as a topical antimicrobial agent [31,32].




2.3. Toxicity Characterization and Therapeutic Index (TI)


In the development of new drugs for human health, low toxicity towards host cells is a desirable property. In this regard, the assessment of toxicity is an important issue. Here, we evaluated the hemolytic and cytotoxic activity of the new synthetic compounds in vitro.



Hemolytic activity was determined using red blood cells and the hemoglobin released was measured at 405 nm. The percentage of hemolysis corresponding to the synthetic compounds is shown in Figure 1 while the HC50 values are provided in Table 3. TA4 and C10:0-A2 showed moderate hemolysis at higher concentrations (400 μM), achieving around 65% and 45% of hemolysis, respectively. Substitutions by N-methyl and D-amino acids reduced the hemolytic activity of the peptides and lipopeptides. Most of the substituted analogs showed less than 20% of hemolysis at all the concentration ranges tested, except C10:0-A2(9-NMeLys), which at higher concentrations presented a similar hemolysis profile to that of C10:0-A2. For all the peptides and most of the lipopeptides, the HC50 values exceeded 400 μM. Indeed, the HC50 values were lower only for C10:0-A2(9-NMeLys) and C10:0-A2, which were around 300 and 200 μM, respectively.



Consistent with these results, Li et al. (2013) [33] demonstrated that the substitution of the residues involved in the formation of internal hydrogen bonds of gramicidin S, a β-type structure peptide, by N-methyl amino acids caused a significant decrease in the hemolytic activity of the analogs. In contrast, the substitution of residues involved in the formation of external hydrogen bonds did not affect this parameter. The authors suggested that the latter observation could be attributed to the alteration of the secondary structure and the change in amphipathicity.



Many studies have demonstrated that high amphipathicity, high hydrophobicity, and a high tendency to adopt secondary structure are key parameters responsible for high toxicity to mammalian cells [34,35,36].



We assessed the cytotoxicity of the compounds synthesized using HeLa cells. The viability percentage of synthetic compounds is shown in Figure 2. The non-substituted compounds, namely TA4 and C10:0-A2, presented significant toxicity, reducing HeLa viability by more than 60%. In contrast, the vast majority of substituted analogs were less cytotoxic at all the concentrations tested (>50% of HeLa viability). The IC50 values calculated for each compound are shown in Table 3. For all substituted analogs, the IC50 value was equal to or higher than 400 μM, and were considered non-cytotoxic, except for TA4(3,7-NMePhe), which showed an IC50 value of around 86 μM, even though it was less cytotoxic than TA4 (IC50 = 46 μM).



It is important to note none of the compounds showed cytotoxicity or hemolytic activity in the MIC concentration range.



For most of the analogs, hemolytic activity and cytotoxicity had correlated, thereby suggesting that the modifications made were effective against both eukaryotic cells. Exceptions were the peptide TA4(3,7-NMePhe), which exhibited moderate cytotoxicity (IC50: 86% μM) but was not hemolytic (HC50 > 400 μM), and the lipopeptide C10:0-A2(9-NMeLys), which was moderately hemolytic (HC50: 300 μM) but not cytotoxic (IC50 > 400 μM).



The selectivity of a compound can be assessed using the therapeutic index (TI). This parameter can be increased by enhancing antimicrobial activity, decreasing hemolytic activity, or by a combination of both. In this work, the TI was calculated as the relationship between the HC50 or IC50 values and mean MIC against different microorganisms (yeast and gram (+) and (−) bacteria) (Table 3). For peptides, TA4(dK) presented the best TI against all types of microorganisms. Although the antimicrobial activity of this compound was lower than that of the unsubstituted peptide, the TI was higher due to its lower toxicity against red blood cells and HeLa cells. TA4(3,7-NMePhe), on the other hand, was able to increase TI values only against gram (−) bacteria compared with TI values of TA4. However, for lipopeptides, C10:0-A2(9-NMeLys) and C10:0-A2(6-NMeLys) showed higher TI values than C10:0-A2, especially C10:0-A2(6-NMeLys) against gram (−) bacteria. These results are explained by their lower toxicity compared to that of C10:0-A2.




2.4. Enzymatic Stability Characterization in the Presence of Digestive Enzymes and Serum Proteases


The enzymatic stability of the peptides and lipopeptides in the presence of trypsin and chymotrypsin was evaluated in vitro by measuring residual antimicrobial activity. These results are shown in Figure 3.



Substitution of L-Lys for D-Lys in C10:0-A2 and TA4 resulted in increased stability against trypsin degradation, retaining 80% and 85% inhibition activity against S. aureus strain ATCC 25923 after 7 h of treatment, respectively. These results indicate that the replacement of all sites susceptible to trypsin cleavage by non-proteinogenic D-series amino acids, markedly increased the stability of the compounds. In the presence of chymotrypsin, these two peptides were less stable compared to trypsin. C10:0-A2(dK) retained 75% of its antimicrobial activity after 3 h of treatment. However, a total loss of activity was observed after this time. In contrast, TA4(dK) showed a full loss of activity after 30 min of treatment. Multiple substitutions by D-Lys in C10:0-A2 seemed to have a favorable effect on stability against chymotrypsin. This observation might be explained by a conformational change that makes the target site less accessible, thus requiring enzyme activity for longer. This was not observed for TA4(dK), possibly because its sequence holds more sites susceptible to chymotrypsin action. On the other hand, the replacement of one or two proteinogenic amino acids by N-methyl amino acids in TA4 and C10:0-A2 was not enough to improve enzymatic stability.



Peptide stability in human serum was evaluated by HPLC analyses. The remaining area versus treatment time was plotted (Figure 4).



Both TA4 and C10:A2 were degraded by serum proteases with about 40% and 20% of the remaining area after 1 h of incubation, respectively. Substitution of L-Lys by D-Lys enhanced the serum stability of TA4 and C10:0-A2, with 100% of the remaining area after 8 h of incubation.



On the other hand, substitution with N-methyl amino acids also enhanced stability in serum, increasing from 40% to 65% of the remaining area of peptides and from 20% to 50% for lipopeptide analogs after 1 h of exposure. Although both strategies improved enzymatic stability to serum protease, multiple substitutions with non-proteinogenic acids had a more significant effect on this property than single substitutions.



These results are in concordance with those reported by Dong et al. (2012), where at selected sites of DhHP-6, tri-N-methylation (a deuterohemin-mimetic peptide conjugate of microperoxidase), showed higher resistance to serum and digestive proteolytic degradation and higher apparent permeability coefficient than mono- and di-substituted analogs [37].



Hong et al. (1999) studied the effect of D-amino acid substitution in the KKVVVFKVKVKFKK peptide on enzyme stability in serum. These authors demonstrated that the substitution of susceptible sites increased the enzymatic stability of the analogs and that this increase in stability correlated with an increase in the number of susceptible sites blocked simultaneously [38].



In another study, Gao and coworkers reported similar results in a phylloseptin-PT analog: PS-PT2. Here the substitution of five L-Lys by D-lys was more effective at improving stability against trypsin and serum proteases than the individual L-Lys by D-Lys substitution in position seven [39].




2.5. Secondary Structure Determination by Circular Dichroism (CD)


The CD spectra of the substitution analogs of TA4 in water and DPPC (Figure 5A,B) showed that all the analogs were predominantly unstructured.



The analyses of the CD spectra of TA4(dk) and its deconvolution by the Selcon3 and Contin methods showed that the presence of TFE:H2O (50% v/v) presented a greater contribution of beta structure and turn (45%), with 28% of the unordered structure (see Figure S1). On the other hand, in the presence of DPPG, the peptide was less ordered. In contrast, TA4 showed greater contributions of the alpha helix in TFE (45%) and DPPG (36%), and also its structure was more stable in TFE (only 24% of unordered structure). These results revealed that the incorporation of D-amino acids in the TA4 sequence caused a significant modification to its secondary structure.



The deconvolution of the CD spectra of the analog TA4(3,7-NMePhe) showed that the peptide was partially structured (with 32% of unordered structure) in the presence of DPPG. In comparison with TA4, the presence of N-MePhe caused a conformational change in the original structure of the TA4 analog, with a slight increase in the beta and turn structure (from 27 to 33%), and a reduction of the helical structure (from 36% to 27%). Similar results were found with TFE:H2O 50%.



The CD spectra of all C10:0-A2 lipopeptide analogs in water showed that they were predominantly unordered, which is consistent with the presence of a minimum at 198 nm (or maximum in cases of C10:0-A2(dK)), except for C10:0-A2(6-NMeLys) (Figure 6A), whose deconvolution showed 26% of α-helix and 16% of turn contribution (see Figure S2), making this the most structured analog in water (only 44% of unordered structure).



In the presence of TFE and DPPG, the analogs that contained NMeLys or D-Lys were less structured than C10:0-A2 (Figure 6C,D). This result could explain the fact that most of the analogs showed less antimicrobial activity than C10:0-A2. This observation would then suggest that N-Methyl amino acids and D-amino acids affect the secondary structure.



On the basis of the spectra analyses and deconvolution in DPPG, analog C10:0-A2(6-NMeLys)—being the most ordered one (only 30% of unordered structure)—emerged as the one with the highest α-helix contribution (48%). C10:0-A2(9-NMeLys) showed similar characteristics.



On the other hand, the spectra of C10:0-A2(5-NMeLys) and C10:0-A2(8-NmePhe) showed the contribution of beta and turn structure (24–30%) and more than 50% of unordered structure.



These results reveal that the incorporation of N-Methyl amino acids in the C-terminus and the middle part of the A2 sequence disturbed the secondary structure. The analogs with non-proteinogenic amino acid substitutions in positions six and nine showed higher structuration and also presented greater antimicrobial activity than those substituted in positions five and eight. These observations suggest that, for this lipopeptide, the adoption of an alpha helix structure is a key feature for antimicrobial activity.



Finally, in the presence of DPPC, all the analogs studied were predominantly unordered (Figure 6B); an observation that is consistent with their low hemolytic activity.





3. Material and Methods


3.1. Peptide Synthesis


All the compounds in this study were obtained as C-terminal amides by Fmoc solid-phase peptide synthesis (SPPS) (Table 1). To prepare the lipopeptides, different fatty acid chains were added on the N-terminus of peptide bound to the resin using standard protocols. For the coupling reactions, (1H-benzotriazol-1-yl)(dimethylamino)-methylene]-N-methylmethanaminium tetrafluoroborate N-oxide (TBTU) and diisopropylethylamine (DIEA) were used. Couplings of N-methyl amino acids and the subsequent amino acid were performed by benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and DIEA. Fmoc was removed with 20% piperidine in N, N-dimethylformamide (DMF) (v/v). Final cleavage from the resin was achieved by a mixture of trifluoroacetic acid (TFA)/H2O/triisopropyl silane (TIS) (95:2.5:2.5) (v/v). The crude peptides were precipitated in dry cold diethyl ether, centrifuged, and washed several times with cold diethyl ether until scavengers were removed. The products were then dissolved in water and lyophilized twice.



Peptide and lipopeptides were analyzed by RP-HPLC (Waters) using an Atlantis (Waters) C18 analytical column (5 μm, 4.6 mm × 150 mm) for peptides and a Jupiter (Phenomenex) C4 (5 μm, 300 Å, 250 × 4.60 mm) analytical column for lipopeptides. For elution purposes, a linear gradient from 15% to 60% of acetonitrile (ACN) in H2O containing 0.1% TFA, at a flow rate of 0.8 mL/min was used for lipopeptides, and a linear gradient from 5% to 80% of acetonitrile with 0.1% TFA at a flow rate of 0.8 mL/min for peptides. Absorbance was measured at 220 nm. The crude products synthesized were purified by HPLC using a semi-preparative reverse-phase (RP) C18 column (Jupiter-Proteo Phenomenex, 10 µm, 90 Å, 250 × 10 mm), and Mass spectrometric data were obtained using a MALDI-TOF-TOF spectrometer, Ultraflex II (Bruker), in the Mass Spectrometry Facility CEQUIBIEM, Argentina.




3.2. Antimicrobial Activity


3.2.1. Minimal Inhibitory Concentration (MIC) against Bacteria


The MIC against bacterial strains was determined by the modified broth microtiter dilution method, following the procedures proposed by R.E.W. Hancock Laboratory for testing antimicrobial peptides [40]. The target strains Escherichia coli ATCC 35218, Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 29212, and Staphylococcus aureus ATCC 25923 belong to the American Type Culture Collection (ATCC). The Methicillin-Resistant Staphylococcus aureus BSF FBCB1313 strain (MRSA) was provided by the Clinical Bacteriology Section of FBCB-UNL. All strains were activated by culture for 24 h at 37 °C in Mueller-Hinton Broth (MHB) (Biokar Diagnostics, Cedex, France). Each inoculum was taken and adjusted to a cellular concentration of 5 × 105 colony-forming units (CFU)/mL in diluted MHB. All the peptides were dissolved in bovine serum albumin buffer with the addition of 0.01% acetic acid; 100 µL of each inoculum was added to 11 µL of peptide solution in serial 2-fold dilutions and were incubated for 18–24 h at 37 °C. The MIC was the lowest peptide concentration that inhibited visible growth of each bacterial strain. The test was conducted in triplicate.




3.2.2. Minimal Inhibitory Concentration (MIC) against Yeast


The MIC against yeast strains was determined by the broth microtiter dilution method following the conditions of NCCLS document M27-A. The target strains Candida albicans DBFIQ CA 1, C. albicans PEEC 2, and Candida tropicalis DBFIQ 3, all belonging to the Culture Collection of Microbiology and Biotechnology Sections-FIQ-UNL, were activated by culture for 24 h at 30 °C in Sabouraud Dextrose Agar (SDA) (Biokar Diagnostics, Cedex, France). Each inoculum was taken and the cellular concentration was adjusted to 2 × 103 CFU/mL in Sabouraud Dextrose Broth (SDB) (Biokar Diagnostics, Cedex, France). Next, 50 µL of these inocula was added to 50 µL of peptide solution in serial 2-fold dilutions. The plates were incubated for 48 h at 30 °C. The MIC was considered the lowest peptide concentration that inhibited visible growth of each yeast strain. The test was conducted in triplicate.





3.3. Toxicity Characterization


3.3.1. Hemolysis Assay


Erythrocyte lysis was determined using the following previously optimized protocols [41]. Human erythrocytes from a healthy voluntary donor were isolated by centrifugation (3000 rpm for 10 min) after washing three times with Physiological Solution (PS). Erythrocyte solutions were prepared at a concentration of 0.4% (v/v) in PS. Test tubes containing 200 µL of erythrocyte solution were incubated at 37 °C for 60 min with 200 µL of peptide solution at concentrations ranging from 6.25 to 400 µM. After centrifugation at 3000 rpm for 5 min, supernatant absorbance was measured at 405 nm. Lysis induced by 1% Triton X-100 was taken as a 100% reference value.




3.3.2. Cytotoxicity Assay


The 3–4,5-dimethylthiazol-2,5-biphenyl tetrazolium bromide (MTT) cell viability assay was used to assess the cytotoxic activity of synthetic compounds against the human HeLa line. HeLa cells were seeded in 96-well plates at 1 × 105 cells/well, in which the peptide solution was added at different concentrations (3.125–400 μM) for 24 h of incubation. Next, MTT reagent (Sigma-Aldrich, St. Louis, MO, USA) was added, and the cells were incubated for 2 h. Then, 100 μL of dimethylsulfoxide (DMSO) was added to each well to dissolve formazan crystals, and the plates were read at 595 nm. Finally, the IC50 values of the peptides and lipopeptides were calculated as the mean of the concentrations at which each compound caused a 50% decrease in cell viability in two independent experiments, each with three replicates.





3.4. Calculation of the Therapeutic Index (TI)


The TI is defined as the relationship between the concentration that caused 50% of hemolysis (HC50) or a 50% reduction in HeLa cell viability and the MIC. Thus, higher TI values indicate greater antimicrobial specificity. When a peptide did not surpass 50% of hemolysis (or reduction of viability) at any of the concentrations tested, a value of 400 µM was used to calculate the TI. The average MIC for each peptide against different microorganism groups was used to calculate the TI value.




3.5. Characterization of Enzymatic Stability


3.5.1. Peptide Stability in the Presence of Digestive Enzymes


500 µL of a trypsin or chymotrypsin solution in ammonium bicarbonate buffer (0.03 M pH = 7.9) at a concentration of 2 mg/mL was added to 500 µL of peptide solution (concentration: 2 mg/mL). The mixtures were incubated for 7 h at 37 °C. Aliquots were taken at various time points (0, 15, 30, 60, 180, 300, and 420 min). Subsequently, the enzyme reaction was immediately stopped by thermal shock (80 °C for 10 min). All fractions collected were lyophilized twice.



The enzymatic stability of the peptides and lipopeptides was determined by measuring residual antimicrobial activity using the agar diffusion method [42]. To this end, 60 µL of the peptide (treated and untreated) in phosphate buffer (0.1 mM pH: 5.5) was added to a 7 mm well on an agar plate previously seeded with 1 mL of a fresh culture of S. aureus ATCC 25923. The plates were incubated for between 18 and 24 h at 37 °C, and then the inhibition halo diameter was measured. The test was conducted in duplicate.




3.5.2. Peptide stability in Serum


A 50% (v/v) human serum solution in phosphate buffer (pH: 7.2) was added to the peptide solution (concentration: 2 mg/mL) and incubated for 8 h at 37 °C. Aliquots were taken at different time points (0, 30, 60, 120, 240, 360, and 480 min) and serum proteins were immediately precipitated with a mixture of ACN-water-TFA (89:10:1). They were kept at 4 °C for 45 min and then centrifuged for 15 min at 10,000 rpm. The supernatants were then analyzed by HPLC-RP using a C18 analytical column (Beckman, Indianapolis, IN, USA). A linear gradient from 5% to 50% of ACN in H2O containing 0.1% TFA was used, at a flow rate of 0.8 mL/min. Absorbance was measured at 220 nm. The result was expressed as the percentage of area remaining vs. treatment time. The test was conducted in duplicate.





3.6. Determination of Critical Micelle Concentration (CMC)


A lipopeptide solution was prepared in Milli Q water, and the specific conductivity of each lipopeptide solution, in a concentration ranging from 0.06 to 18 mg/mL, was measured using a drop conductivity meter (HORIBA, Kyoto, Japan), at 25 °C. Conductivity values were plotted vs. lipopeptide concentration (mS × cm−1 vs. mg/mL), and the CMC was graphically determined [43].




3.7. Secondary Structure Determination by Circular Dichroism (CD)


Far-UV circular dichroism (CD) measurements were performed on a Jasco J-810 CD spectrometer (Tokyo, Japan) in a 0.1 cm path quartz cuvette (Hellma, Müllheim, Germany) and recorded after five runs. CD analyses were recorded in the presence of dipalmitoylphosphatidylglycerol (DPPG) and dipalmitoylphosphatidylcholine (DPPC) vesicles. For the preparation of small unilamellar vesicles, lipid dispersion in Milli-Q water was sonicated using a tip-sonicator (Vibra cell), until the solution became transparent. The final lipid concentration was 3 mM. Spectra were corrected for background scattering caused by the vesicles by subtracting the spectrum of a single vesicle solution from that of the peptides in the presence of vesicles [44]. Additional spectra were obtained in water and the presence of trifluoroethanol [50% TFE/H2O (v/v)]. The final peptide concentration was 0.2 mg/mL for all cases. CD spectra were deconvoluted by means of the CDPro software package (Colorado State University), using SELCOM 3 and CONTILL methods [45].





4. Conclusions


Here, we studied the effect of the substitution with non-proteinogenic D-amino acids and N-methyl amino acids on the therapeutic properties and enzymatic stability of two previously described compounds, namely TA4 peptide and C10:0-A2 lipopeptide. Both strategies were effective at increasing the therapeutic potential of the molecules.



The substitution of D-amino acids in both TA4 and C10:0-A2 at multiple sites in the peptide sequence reduced toxicity against human red blood cells and HeLa cells, possibly because a diminution in the experimental hydrophobicity of these molecules, as shown by the retention time in the RP-HPLC analysis, an important feature for hemolytic activity. However, these analogs showed lower antimicrobial activity, especially against gram (+) bacteria, than non-substituted ones. This observation could be explained by a decrease in the adoption of an amphipathic alpha-helix structure, as demonstrated by CD analysis in the presence of prokaryotic membrane-simulating mimetic environments (DPPG vesicles), where it was observed that multi-site D-amino acid substitution significantly decreased the adoption of secondary structure. This parameter is critical in activity against gram (+) bacteria.



A single or double substitution by N-methylated amino acids proved to be a highly effective strategy to decrease toxicity against the two eukaryotic systems tested, maintaining, and in some cases, increasing antimicrobial activity and resulting in highly selective compounds with high therapeutic indexes, especially against gram (+) and (−) bacteria. All N-Methyl substitution analogs presented significantly less experimental hydrophobicity, suggesting less interaction with the eukaryotic membranes, except C10:0-A2(9-NMeLys), which showed similar hydrophobicity and hemolytic activity than C10:0-A2. It is interesting to note that the more antimicrobial active lipopeptides were showed, the greater the contribution of the α-helix structure (C10:0-A2(9-NMeLys) and C10:0-A2(6-NMeLys), which reaffirms that the adoption of amphipatic α-helical structure is significant for these lipopeptides.



With respect to enzymatic stability, multiple D-substitution sites significantly increased enzymatic stability. On the other hand, single or double substitution by N-methylated amino acids was less favorable to enhance the enzymatic stability of the peptides and lipopeptides, in particular against digestive enzymes. This observation could be attributed mainly due to the numerous sites in the peptide sequences targeted by the enzymes tested.



TA4(dK), C10:0-A2(6-NMeLys), and C10:0-A2(9-NMeLys) were identified as the most promising molecules for further studies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics12050821/s1, Figure S1: Percentage of secondary structure types of peptides obtained by deconvolution of spectra by means of CDPro software package (Colorado State University), using SELCOM 3 and CONTILL methods. Figure S2: Percentage of secondary structure types lipopeptides obtained by deconvolution of spectra by means of CDPro software package (Colorado State University), using SELCOM 3 and CONTILL methods.





Author Contributions


F.A. and A.S.S. devised the research idea, M.V.H. and A.S.S. wrote the manuscript. M.V.H. prepared the peptides and lipopeptides and performed the antimicrobial studies. G.G.T. was the advisor of M.V.H. R.S. carried out the analysis and interpretation of Dichroism Circular studies, and M.E. carried out the enzymatic stability studies. V.P. carried out the cytotoxicity studies. A.S.S. is the director of the organic chemistry laboratory. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge support from grants from ANPIDTI: PICT-2017-0035 and ASACTEI: IO-2018-00152.




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


	



Loose, C.; Jensen, K.; Rigoutsos, I.; Stephanopoulos, G. A linguistic model for the rational design of antimicrobial peptides. Nature 2006, 443, 867–869. [Google Scholar] [CrossRef] [PubMed]

	



Der Torossian Torres, M.; de la Fuente-Nunez, C. Reprogramming biological peptides to combat infectious diseases. Chem. Commun. 2019, 55, 15020–15032. [Google Scholar] [CrossRef] [PubMed]

	



Cesaro, A.; Torres, M.T.; de la Fuente-Nunez, C. Methods for the design and characterization of peptide antibiotics. Methods Enzymol. 2022, 663, 303–326. [Google Scholar] [CrossRef] [PubMed]

	



Czaplewski, L.; Bax, R.; Clokie, M.; Dawson, M.; Fairhead, H.; Fischetti, V.A.; Foster, S.; Gilmore, B.F.; Hancock, R.E.; Harper, D.; et al. Alternatives to antibiotics-a pipeline portfolio review. Lancet Infect. Dis. 2016, 16, 239–251. [Google Scholar] [CrossRef] [PubMed]

	



Magana, M.; Pushpanathan, M.; Santos, A.L.; Leanse, L.; Fernandez, M.; Ioannidis, A.; Giulianotti, M.A.; Apidianakis, Y.; Bradfute, S.; Ferguson, A.L.; et al. The value of antimicrobial peptides in the age of resistance. Lancet Infect. Dis. 2020, 20, e216–e230. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Torres, M.D.T.; Melo, M.C.R.; Flowers, L.; Crescenzi, O.; Notomista, E.; de la Fuente-Nunez, C. Mining for encrypted peptide antibiotics in the human proteome. Nat. Biomed. Eng. 2022, 6, 67–75. [Google Scholar] [CrossRef]

	



de la Fuente-Núñez, C.; Korolik, V.; Bains, M.; Nguyen, U.; Breidenstein, E.B.; Horsman, S.; Lewenza, S.; Burrows, L.; Hancock, R.E. Inhibition of bacterial biofilm formation and swarming motility by a small synthetic cationic peptide. Antimicrob. Agents Chemother. 2012, 56, 2696–2704. [Google Scholar] [CrossRef]

	



de la Fuente-Núñez, C.; Reffuveille, F.; Mansour, S.C.; Reckseidler-Zenteno, S.L.; Hernández, D.; Brackman, G.; Coenye, T.; Hancock, R.E. D-enantiomeric peptides that eradicate wild-type and multidrug-resistant biofilms and protect against lethal Pseudomonas aeruginosa infections. Chem. Biol. 2015, 22, 196–205. [Google Scholar] [CrossRef]

	



Yang, N.; Teng, D.; Mao, R.; Hao, Y.; Wang, X.; Wang, Z.; Wang, X.; Wang, J. A recombinant fungal defensin-like peptide-P2 combats multidrug-resistant Staphylococcus aureus and biofilms. Appl. Microbiol. Biotechnol. 2019, 103, 5193–5213. [Google Scholar] [CrossRef]

	



Wang, Z.; Yang, N.; Teng, D.; Hao, Y.; Li, T.; Han, H.; Mao, R.; Wang, J. Resistance response to Arenicin derivatives in Escherichia coli. Appl. Microbiol. Biotechnol. 2022, 106, 211–226. [Google Scholar] [CrossRef]

	



Liu, H.; Yang, N.; Teng, D.; Mao, R.; Hao, Y.; Ma, X.; Wang, X.; Wang, J. Fatty acid modified-antimicrobial peptide analogues with potent antimicrobial activity and topical therapeutic efficacy against Staphylococcus hyicus. Appl. Microbiol. Biotechnol. 2021, 105, 5845–5859. [Google Scholar] [CrossRef]

	



Ma, X.; Yang, N.; Mao, R.; Hao, Y.; Yan, X.; Teng, D.; Wang, J. The Pharmacodynamics Study of Insect Defensin DLP4 against Toxigenic Staphylococcus hyicus ACCC 61734 In Vitro and Vivo. Front. Cell. Infect. Microbiol. 2021, 11, 638598. [Google Scholar] [CrossRef] [PubMed]

	



Molchanova, N.; Hansen, P.R.; Franzyk, H. Advances in Development of Antimicrobial Peptidomimetics as Potential Drugs. Molecules 2017, 22, 1430. [Google Scholar] [CrossRef] [PubMed]

	



Böttger, R.; Hoffmann, R.; Knappe, D. Differential stability of therapeutic peptides with different proteolytic cleavage sites in blood, plasma and serum. PLoS ONE 2017, 12, e0178943. [Google Scholar] [CrossRef] [PubMed]

	



Gentilucci, L.; De Marco, R.; Cerisoli, L. Chemical modifications designed to improve peptide stability: Incorporation of non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des. 2010, 16, 3185–3203. [Google Scholar] [CrossRef]

	



Nestor, J.J., Jr. The medicinal chemistry of peptides. Curr. Med. Chem. 2009, 16, 4399–4418. [Google Scholar] [CrossRef]

	



Werle, M.; Bernkop-Schnürch, A. Strategies to improve plasma half life time of peptide and protein drugs. Amino Acids 2006, 30, 351–367. [Google Scholar] [CrossRef]

	



Hunter, H.N.; Jing, W.; Schibli, D.J.; Trinh, T.; Park, I.Y.; Kim, S.C.; Vogel, H.J. The interactions of antimicrobial peptides derived from lysozyme with model membrane systems. Biochim. Biophys. Acta 2005, 1668, 175–189. [Google Scholar] [CrossRef]

	



Seebach, D.; Beck, A.K.; Bierbaum, D.J. The world of beta- and gamma-peptides comprised of homologated proteinogenic amino acids and other components. Chem. Biodivers. 2004, 1, 1111–1239. [Google Scholar] [CrossRef]

	



Zhao, Y.; Zhang, M.; Qiu, S.; Wang, J.; Peng, J.; Zhao, P.; Zhu, R.; Wang, H.; Li, Y.; Wang, K.; et al. Antimicrobial activity and stability of the D-amino acid substituted derivatives of antimicrobial peptide polybia-MPI. AMB Express 2016, 6, 122. [Google Scholar] [CrossRef]

	



Húmpola, M.V.; Rey, M.C.; Carballeira, N.M.; Simonetta, A.C.; Tonarelli, G.G. Biological and structural effects of the conjugation of an antimicrobial decapeptide with saturated, unsaturated, methoxylated and branched fatty acids. J. Pept. Sci. 2017, 23, 45–55. [Google Scholar] [CrossRef]

	



Húmpola, M.V.; Rey, M.C.; Spontón, P.G.; Simonetta, A.C.; Tonarelli, G.G. A Comparative Study of the Antimicrobial and Structural Properties of Short Peptides and Lipopeptides Containing a Repetitive Motif KLFK. Protein Pept. Lett. 2019, 26, 192–203. [Google Scholar] [CrossRef]

	



Krause, E.; Bienert, M.; Schmieder, P.; Wenschuh, H. The Helix-Destabilizing Propensity Scale of d-Amino Acids:  The Influence of Side Chain Steric Effects. J. Am. Chem. Soc. 2000, 122, 4865–4870. [Google Scholar] [CrossRef]

	



De Vleeschouwer, M.; Sinnaeve, D.; Matthijs, N.; Coenye, T.; Madder, A.; Martins, J.C. Synthesis of N-Methylated Pseudodesmin A Analogues: On the Structural Importance of N-H Hydrogen Bonds. ChemistrySelect 2017, 2, 640–644. [Google Scholar] [CrossRef]

	



Bach, A.C., II; Eyermann, C.J.; Gross, J.D.; Bower, M.J.; Harlow, R.L.; Weber, P.C.; DeGrado, W.F. Structural Studies of a Family of High Affinity Ligands for GPIIb/IIIa. J. Am. Chem. Soc. 1994, 116, 3207–3219. [Google Scholar] [CrossRef]

	



Sikorska, E.; Dawgul, M.; Greber, K.; Iłowska, E.; Pogorzelska, A.; Kamysz, W. Self-assembly and interactions of short antimicrobial cationic lipopeptides with membrane lipids: ITC, FTIR and molecular dynamics studies. Biochim. Biophys. Acta (BBA)-Biomembr. 2014, 1838, 2625–2634. [Google Scholar] [CrossRef] [PubMed]

	



Sikorska, E.; Stachurski, O.; Neubauer, D.; Małuch, I.; Wyrzykowski, D.; Bauer, M.; Brzozowski, K.; Kamysz, W. Short arginine-rich lipopeptides: From self-assembly to antimicrobial activity. Biochim. Biophys. Acta Biomembr. 2018, 1860, 2242–2251. [Google Scholar] [CrossRef] [PubMed]

	



Velkov, T.; Swarbrick, J.D.; Hussein, M.H.; Schneider-Futschik, E.K.; Hoyer, D.; Li, J.; Karas, J.A. The impact of backbone N-methylation on the structure-activity relationship of Leu10-teixobactin. J. Pept. Sci. 2019, 25, e3206. [Google Scholar] [CrossRef] [PubMed]

	



Ge, Y.; MacDonald, D.L.; Holroyd, K.J.; Thornsberry, C.; Wexler, H.; Zasloff, M. In vitro antibacterial properties of pexiganan, an analog of magainin. Antimicrob. Agents Chemother. 1999, 43, 782–788. [Google Scholar] [CrossRef]

	



Fritsche, T.R.; Rhomberg, P.R.; Sader, H.S.; Jones, R.N. Antimicrobial Activity of Omiganan Pentahydrochloride against Contemporary Fungal Pathogens Responsible for Catheter-Associated Infections. Antimicrob. Agents Chemother. 2008, 52, 1187–1189. [Google Scholar] [CrossRef] [PubMed]

	



Sader, H.S.; Fedler, K.A.; Rennie, R.P.; Stevens, S.; Jones, R.N. Omiganan Pentahydrochloride (MBI 226), a Topical 12-Amino-Acid Cationic Peptide: Spectrum of Antimicrobial Activity and Measurements of Bactericidal Activity. Antimicrob. Agents Chemother. 2004, 48, 3112–3118. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Bionda, N.; Yongye, A.; Geer, P.; Stawikowski, M.; Cudic, P.; Martinez, K.; Houghten, R.A. Dissociation of antimicrobial and hemolytic activities of gramicidin S through N-methylation modification. ChemMedChem 2013, 8, 1865–1872. [Google Scholar] [CrossRef] [PubMed]

	



Yin, L.M.; Edwards, M.A.; Li, J.; Yip, C.M.; Deber, C.M. Roles of hydrophobicity and charge distribution of cationic antimicrobial peptides in peptide-membrane interactions. J. Biol. Chem. 2012, 287, 7738–7745. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Guarnieri, M.T.; Vasil, A.I.; Vasil, M.L.; Mant, C.T.; Hodges, R.S. Role of peptide hydrophobicity in the mechanism of action of alpha-helical antimicrobial peptides. Antimicrob. Agents Chemother. 2007, 51, 1398–1406. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.L.; Hodges, R.S. Structure-activity relationships of de novo designed cyclic antimicrobial peptides based on gramicidin S. Biopolymers 2003, 71, 28–48. [Google Scholar] [CrossRef]

	



Dong, Q.G.; Zhang, Y.; Wang, M.S.; Feng, J.; Zhang, H.H.; Wu, Y.G.; Gu, T.J.; Yu, X.H.; Jiang, C.L.; Chen, Y.; et al. Improvement of enzymatic stability and intestinal permeability of deuterohemin-peptide conjugates by specific multi-site N-methylation. Amino Acids 2012, 43, 2431–2441. [Google Scholar] [CrossRef]

	



Hong, S.Y.; Oh, J.E.; Lee, K.H. Effect of D-amino acid substitution on the stability, the secondary structure, and the activity of membrane-active peptide. Biochem. Pharmacol. 1999, 58, 1775–1780. [Google Scholar] [CrossRef]

	



Gao, Y.; Wu, D.; Xi, X.; Wu, Y.; Ma, C.; Zhou, M.; Wang, L.; Yang, M.; Chen, T.; Shaw, C. Identification and Characterisation of the Antimicrobial Peptide, Phylloseptin-PT, from the Skin Secretion of Phyllomedusa tarsius, and Comparison of Activity with Designed, Cationicity-Enhanced Analogues and Diastereomers. Molecules 2016, 21, 1667. [Google Scholar] [CrossRef]

	



Hancock, R.E.W. Recently Modified Methods Used by Hancock Laboratory. Available online: http://cmdr.ubc.ca/bobh/methods/MODIFIEDMIC.html (accessed on 19 March 2022).

	



Siano, A.; Húmpola, M.V.; Rey, M.C.; Simonetta, A.; Tonarelli, G.G. Interaction of acylated and substituted antimicrobial peptide analogs with phospholipid-polydiacetylene vesicles. Correlation with their biological properties. Chem. Biol. Drug Des. 2011, 78, 85–93. [Google Scholar] [CrossRef]

	



Tagg, J.R.; McGiven, A.R. Assay system for bacteriocins. Appl. Microbiol. 1971, 21, 943. [Google Scholar] [CrossRef] [PubMed]

	



Fuguet, E.; Rafols, C.; Roses, M.; Bosch, E. Critical micelle concentration of surfactants in aqueous buffered and unbuffered systems. Anal. Chim. Acta 2005, 548, 95–100. [Google Scholar] [CrossRef]

	



Ladokhin, A.S.; Fernández-Vidal, M.; White, S.H. CD spectroscopy of peptides and proteins bound to large unilamellar vesicles. J. Membr. Biol. 2010, 236, 247–253. [Google Scholar] [CrossRef] [PubMed]

	



Sreerama, N.; Woody, R.W. Estimation of protein secondary structure from circular dichroism spectra: Comparison of CONTIN, SELCON, and CDSSTR methods with an expanded reference set. Anal. Biochem. 2000, 287, 252–260. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 12 00821 g001 550] 





Figure 1. Hemolytic activity of the synthetic peptides (left) and lipopeptides (right). Curve doses vs. response: % of hemolysis as a function of peptide concentration. 
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Figure 2. Cytotoxicity of synthetic peptides (left) and lipopeptides (right). Curve doses vs. response: % of HeLa cell line viability as a function of peptide concentration. 
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Figure 3. Enzymatic stability characterization in the presence of trypsin (A—peptides; B—lipopeptides) and quimotripsyn (C—peptides; D—lipopeptides). Curve doses vs. response: inhibition halo (mm) as a function of treatment time (min). 
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Figure 4. Enzymatic stability characterization in the presence of serum protease of peptides (left) and lipopeptides (right). Curve doses vs. response: % of remaining area as a function of treatment time (min). 
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Figure 5. Circular Dichroism spectra of peptides in (A) water; (B) DPPC vesicles; (C) DPPG vesicles; and (D) TFE/water (50%, v/v). Peptide concentration: 0.2 mg/mL. 
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Figure 6. Circular Dichroism spectra of lipopeptides in (A) water; (B) DPPC vesicles; (C) DPPG vesicles; and (D) TFE/water (50%, v/v). Peptide concentration: 0.2 mg/mL. 
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Table 1. Sequence and physicochemical properties.
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	Identification
	Sequence
	Net Charge pH = 7
	Experi Mental MM
	rt
	CMC (mM)





	TA4
	KLFKKLFKKLFK-NH2
	+7
	1567.16
	17.2
	ND



	TA4(3,7-NMePhe)
	KL(NMeF)KKL(NMeF)KKLFK-NH2
	+7
	1595.20
	16.7
	ND



	TA4(dK)
	dKdKLFdKdKLFdKdKLFdK-NH2
	+7
	1567.04
	15.4
	ND



	C10:0-A2
	C10:0-IKQVKKLFKK-NH2
	+5
	1413.08
	17.8
	5.74



	C10:0-A2(5-NMeLys)
	C10:0-IKQV(NMe-K)KLFKK-NH2
	+5
	1426.87
	16.3
	3.73



	C10:0-A2(6-NMeLys)
	C10:0-IKQVK(NMe-K)LFKK-NH2
	+5
	1426.99
	16.1
	3.63



	C10:0-A2(9-NMeLys)
	C10:0-IKQVKKLF(NMe-K)K-NH2
	+5
	1427.08
	17.7
	3.90



	C10:0-A2(8-NMePhe)
	C10:0-IKQVKKL(NMe-F)KK-NH2
	+5
	1427.03
	15.3
	2.01



	C10:0-A2(dK)
	C10:0-IdKQVdKdKLFdKdK-NH2
	+5
	1413.10
	17.3
	5.68







Experimental MM: correspond to ion [M]+, determined by Mass Spectrometry MALDI-TOF. rt: retention time determined by HPLC C18 analytical column for peptides and C4 column for lipopeptides. dK: D-Lysine; dL: D-Leucine; dF: D-Phenylalanine; NMe-K: N-methyl-L-Lysine; NMe-F: N-methyl-L-Phenylalanine; and C10:0: decanoic acid.
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Table 2. MIC of synthesized compounds against Gram (+) and (−) bacteria and yeast.
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Microorganism

	
TA4

	
TA4(3,7-NMePhe)

	
TA4(dK)

	
C10:0-A2

	
C10:0-A2(5-NMeLys)

	
C10:0-A2(6-NMeLys)

	
C10:0-A2(9-NMeLys)

	
C10:0-A2(8-NMePhe)

	
C10:0-A2(dK)




	
MIC (µM)






	
Gram negative

	
E. coli ATCC 35218

	
5.1

	
5.0

	
5.1

	
1.4

	
2.8

	
1.4

	
2.8

	
11.2

	
22.6




	
P. aeruginosa ATCC 27853

	
2.6

	
1.2

	
10.2

	
1.4

	
5.6

	
0.7

	
0.7

	
5.6

	
1.6




	
Gram positive

	
S. aureus ATCC 25923

	
2.6

	
5.0

	
10.2

	
1.4

	
2.8

	
1.4

	
2.8

	
2.8

	
>90.6




	
S. aureus RM * SA1

	
10.2

	
10.0

	
20.4

	
2.8

	
5.6

	
5.6

	
2.8

	
5.6

	
>90.6




	
E. faecalis ATCC 29212

	
5.1

	
40.0

	
20.4

	
1.4

	
11.2

	
5.6

	
5.6

	
11.2

	
>90.6




	
Yeast

	
C. albicans PEEC 2

	
40.8

	
80.2

	
>163.3

	
90.6

	
179.5

	
44.9

	
89.7

	
179.5

	
90.6




	
C. tropicalis DBFIQ 3

	
40.8

	
80.2

	
163.3

	
90.6

	
179.5

	
89.7

	
179.5

	
179.5

	
181.2








* Methicillin-resistant Staphylococcus aureus.
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Table 3. Therapeutic Index of the synthesized compounds.
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Identification

	
MIC Average (µM)

	
HC50 ± SD (µM)

	
IC50 ± SD (µM)

	
TI




	
Bacteria

	
Yeast

	
Bacteria

	
Yeast




	
Gram (−)

	
Gram (+)

	
Gram (−)

	
Gram (+)






	
TA4

	
3.9

	
6.0

	
40.8

	
>400

	
46.35 ± 10.13

	
102.6/11.9

	
66.7/7.7

	
9.8/1.1




	
TA4(3,7-NMePhe)

	
3.1

	
28.3

	
80.2

	
>400

	
86.56 ± 7.35

	
129.0/27.9

	
14.1/3.1

	
5.0/1.1




	
TA4(dK)

	
7.7

	
17.0

	
163.3

	
>400

	
>400

	
51.9

	
23.5

	
2.4




	
C10:0-A2

	
1.4

	
1.9

	
90.6

	
202.9 ± 17.5

	
32.62 ± 2.49

	
144.9/23.3

	
106.8/17.2

	
2.2/0.4




	
C10:0-A2(5-NMeLys)

	
4.2

	
6.5

	
179.5

	
>400

	
>400

	
95.2

	
61.5

	
2.2




	
C10:0-A2(6-NMeLys)

	
1.1

	
4.2

	
67.3

	
>400

	
399.90 ± 28.96

	
363.6

	
95.2

	
5.9




	
C10:0-A2(9-NMeLys)

	
1.8

	
3.7

	
134.6

	
298.5 ± 12.0

	
>400

	
165.8/222.2

	
80.7/108.1

	
2.2/3.0




	
C10:0-A2(8-NMePhe)

	
8.4

	
6.5

	
179.5

	
>400

	
>400

	
47.6

	
61.5

	
2.2




	
C10:0-A2(dK)

	
12.1

	
>90.6

	
135.9

	
>400

	
>400

	
33.1

	
<4.4

	
2.9








HC50 (µM) and IC50 values were determined by regression analyses of three replicate determinations. All values were expressed with a confidence of 95%.
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