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Abstract

:

Antimicrobial peptides (AMPs) have received considerable attention as next-generation drugs for infectious diseases. Amphipathicity and the formation of a stabilized secondary structure are required to exert their antimicrobial activity by insertion into the microbial membrane, resulting in lysis of the bacteria. We previously reported the development of a novel antimicrobial peptide, 17KKV, based on the Magainin 2 sequence. The peptide was obtained by increasing the amphipathicity due to the replacement of amino acid residues. Moreover, we studied the structural development of 17KKV and revealed that the secondary structural control of 17KKV by the introduction of non-proteinogenic amino acids such as α,α-disubstituted amino acids or side-chain stapling enhanced its antimicrobial activity. Among them, peptide 1, which contains 2-aminobutyric acid residues in the 17KKV sequence, showed potent antimicrobial activity against multidrug-resistant Pseudomonus aeruginosa (MDRP) without significant hemolytic activity against human red blood cells. However, the effects of cationic amino acid substitutions on secondary structures and antimicrobial activity remain unclear. In this study, we designed and synthesized a series of peptide 1 by the replacement of Lys residues with several types of cationic amino acids and evaluated their secondary structures, antimicrobial activity, hemolytic activity, and resistance against digestive enzymes.
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1. Introduction


Recently, several antibiotics with different mechanisms of action have been reported to save many lives from infectious diseases [1]. However, incorrect usage and long-term administration lead to the generation of multidrug resistant bacteria (MDRB) and raise problems in clinical practice [2]. Therefore, a novel treatment for MDRB infections is urgently needed. With this objective, antimicrobial peptides (AMPs) have been greatly studied as potential next-generation drugs against infectious diseases [3]. AMPs generally target the bacterial membrane and exhibit antimicrobial activity by lysing the microbial membranes; therefore, multidrug resistance is likely to be rare [4]. Two structural features play an important role in exerting antimicrobial activity [5,6]. These are (1) the formation of stabilized secondary structures and (2) amphipathicity, consisting of hydrophobic and cationic amino acids. Therefore, the enhancement of these properties could be a promising strategy for the development of novel AMPs. The structural development of AMPs based on structural control has been reported [7,8,9]. Gellman et al. designed and synthesized AMPs using cyclic β-amino acids and revealed that helical β-peptides showed potent antimicrobial activity and gained resistance against digestive enzymes [10,11]. Moreover, the introduction of side-chain stapling into magainin 2 (Mag2), which is a representative AMP, stabilizes its helical structure and exhibits potent antimicrobial activity even against MDRB in vivo [12]. Previously, we also reported the development of an AMP, 17KKV, based on the Mag2 sequence by increasing amphipathicity due to the replacement of amino acid residues [13]. We also studied the structural development of 17KKV and revealed that the secondary structural control of 17 KKV by the introduction of non-proteinogenic amino acids such as α,α-disubstituted amino acids or side-chain stapling enhanced their antimicrobial activity. Among these, peptide 1, which contains 2-aminobutyric acid (U) residues in the 17KKV sequence, showed potent antimicrobial activity against multidrug-resistant Pseudomonus aeruginosa (MDRP) without significant hemolytic activity against human red blood cells [13]. Moreover, we investigated the effects of introducing side-chain stapling into the sequence on their antimicrobial and hemolytic activities [14].



As described above, AMPs have been structurally developed based on secondary structural control. In contrast, cationic amino acids play a pivotal role in exerting their antimicrobial activity by interacting with the microbial membrane. Therefore, further structural development based on the substitution of cationic amino acids is a promising strategy for the development of novel AMPs. Several AMPs possessing various cationic amino acids have been reported [15,16]. In this study, we designed and synthesized a series of Mag2 derivatives based on the substitution of cationic amino acid residues. Namely, the Lys residues of peptide 1 were replaced with other cationic amino acid residues such as diaminobutyric acid (Dab), Ornitine (Orn), Arg, and His, and their preferred secondary structures, antimicrobial activity, hemolytic activity, and chemical stability against proteolytic enzymes were evaluated (Figure 1).




2. Results


2.1. Design and Synthesis of AMPs


First, we designed and synthesized peptide 1 derivatives 2–5 by replacing Lys residues with several cationic amino acid residues, as shown in Table 1. Orn and Dab have propylamine and ethylamine moieties as side chains and have pKa values similar to those of Lys, while Arg and His have guanidino and imidazole groups, respectively. These side chains show differences in hydrophobicity and pKa [17] and may affect their secondary structures, antimicrobial activity, and chemical stability against digestive enzymes. The designed peptides were synthesized by solid-phase-peptide synthesis, purified by preparative high-performance liquid chromatography, and the target peptides were identified by mass spectrometry.




2.2. Preferred Secondary Structures of the Synthesized Peptides


Circular dichroism (CD) spectra analysis of the synthesized peptides was performed in phosphate buffer with 1% sodium dodecyl sulfate (SDS) solution to investigate the effects of replacement of Lys residues with other cationic amino acids on their secondary structure. As shown in Figure 2, all peptides showed negative maxima at approximately 208 and 222 nm, indicating that the peptides formed helical structures [18]. These results suggested that the replacement of cationic amino acids did not affect the helical structure of Mag2. The α-helix content was calculated from the CD spectra of each tested peptide. The substitution of Lys residues with Orn did not affect the α-helix content, whereas the replacement of Lys with Dab or His significantly decreased the α-helix content. Cationic amino acids and Phenylalanine form cation-π interactions, resulting in the stabilization of its helical structure. However, it has been reported that Dab has a weaker interaction with Phe residues than with Lys or Orn residues because of its shorter alkyl chain [19]. On the other hand, His residues tend to be epimerized and could disrupt their secondary structure [20]; therefore, we concluded that the introduction of Dab and His residues decreases the helix content.




2.3. Antimicrobial Activity and Hemolytic Activity


Next, the antimicrobial and hemolytic activities of the synthesized peptides against human red blood cells were evaluated. The minimum inhibitory concentration (MIC) was measured against both Gram-positive and Gram-negative bacteria, and hemolytic activity was evaluated by measuring the 535 nm absorption derived from the leakage of hemoglobin. The inhibitory activities of the synthesized Mag2 derivatives are shown in Table 2. It was found that peptides 2 and 3, which have Orn and Dab, showed the same extent of antimicrobial activity against Gram-positive and Gram-negative bacteria as peptide 1. These results indicate that the Lys residues of peptide 1 could be replaced with Orn and Dab. In contrast, peptides 3 and 4 showed weak antimicrobial activity compared with peptide 1, and the Arg-substituted derivative showed potent hemolytic activity. Cell-penetrating peptides (CPPs) are mainly composed of Arg residues, which play an important role in cell membrane permeability [21]. Therefore, the substitution of Lys residues with Arg enhances the interaction with the human cell membrane and induces cytotoxicity against human red blood cells. Peptide 5 showed the lowest antimicrobial activity among the tested peptides. His residues tend to be epimerized [20], and the introduction of His residues decreased the content of α-helix, resulting in a decrease in antimicrobial activity.




2.4. Chemical Stability of the Peptides against Digestive Enzymes


Finally, we investigated the chemical stability of the synthesized peptides 1–3 against digestive enzymes such as peptidases and proteases. Previously, it was reported that the introduction of Orn residues into the sequence increased the stability against serum, because the Orn residues are non-proteinogenic amino acids and are difficult to detect by digestive enzymes [22]. Based on this knowledge, the investigation of the chemical stability of peptides 2 was used to verify their utility as AMPs. The peptides were treated with proteinase K, which is a representative digestive enzyme and widely used for evaluation of chemical stability of peptides [23,24], and the amount of the remaining peptides was evaluated by high performance liquid chromatography (HPLC) analysis. As shown in Figure 3, peptides 2 remained at 41% after 24 h treatment with proteinase K, while peptide 1 was degraded to approximately 20%. These results indicate that the substitution of Lys residues with Orn residues increases chemical stability against proteinase K.





3. Discussion


In this study, we designed and synthesized a series of novel AMPs based on peptide 1, which was developed in our previous study, by replacing Lys residues with other cationic amino acids, Orn, Dab, Arg, and His. The preferred secondary structure of synthesized peptides 1–5 was investigated. As shown in Figure 2, peptide 1–5 adopted a stabilized helical structure through the introduction of two Aib residues into the sequence. It has been demonstrated that replacement of Lys residues with other cationic amino acids has no significant effect on their helical structure. The antimicrobial and hemolytic activities of the synthesized peptides were also evaluated. It has been revealed that peptides 2, 3, and 4, which have Orn, Dab, and Arg residues, respectively, showed the same extent of antimicrobial activity against Gram-positive and Gram-negative bacteria as peptide 1. In contrast, peptide 5, which has His residues, showed no or weak antimicrobial activity. Because AMPs target bacterial membranes, they also affect human cell membranes. Therefore, we evaluated the hemolytic activity of the synthesized peptides against human red blood cells. Generally, an increase in the hydrophobicity of amphipathic peptides tends to enhance their hemolytic activity [25]. Based on this knowledge, it was expected that peptides 2 and 3 would exhibit lower hemolytic activity due to their shorter alkyl side chains. Surprisingly, it was observed that the peptides 2 and 3 with shorter alkyl chain exhibited higher hemolytic activity than peptide 1. It remains unclear why peptide 3 exhibited stronger hemolytic activity than peptide 1, which may affect its affinity for the human membrane. Finally, the chemical stability of peptides 1 and 2 was investigated to confirm the utility of substituting Lys residues with Orn residues. Although peptide-based drugs show excellent efficacy, one of the challenges is that they are easily degraded by digestive enzymes [24]. Orn is a non-proteinogenic amino acid that is difficult to recognize for digestive enzymes and increases chemical stability of Orn-containing peptides. As shown in Figure 3, peptide 2 exhibited a longer t1/2 than peptide 1, indicating that the replacement of Lys residues with Orn residues increased the chemical stability without any significant effects on their secondary structure, antimicrobial activity, and hemolytic activity. These results suggest that replacement of Lys residues with Orn residues could be a promising strategy for the development of AMPs.




4. Materials and Methods


4.1. General Information


Chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA), LLC (Kanto Chemicals Co.). Inc. (Tokyo, Japan), Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan), Wako Pure Chemical Industries Ltd. (Tokyo, Japan), and Watanabe Chemical Industries Ltd. (Hiroshima, Japan) and used without further purification. Mass spectra were obtained using a Shimadzu IT-TOF MS (Kyoto, Japan) instrument equipped with an electrospray ionization source.




4.2. Peptide Synthesis


The designed peptides were synthesized using Fmoc-based solid-phase methods. A representative coupling and deprotection cycle is described as follows: NovaPEG Rink amide resin was soaked for 30 min in CH2Cl2. After the resin was washed with DMF, Fmoc-amino acid (4 equiv.) and Hexafluorophosphate benzotriazole tetramethyl uronium (HBTU; 4 equiv.) dissolved in N-methyl-2-pyrrolidone (NMP) were added to the resin. DIPEA (4 equiv) and 0.1 M 1-hydroxynbenzotriazole (HOBt) in N-methyl-2-pyrrolidone (NMP) were added to the coupling reaction. Fmoc-protective groups were deprotected using 20% piperidine in DMF. The resin was suspended in a cleavage cocktail (95% TFA, water 2.5%, 2.5% triisopropylsilane) at room temperature for 3 h. The TFA was evaporated to a small volume under a stream of N2 and dripped into cold ether to precipitate the peptide. The peptides were dissolved in DMSO and purified by reverse-phase HPLC using a Discovery® BIO Wide Pore C18 column (25 cm × 21.2 mm solvent A: 0.1% TFA/water, solvent B: 0.1% TFA/MeCN, flow rate: 10.0 mL·mL–1, gradient: 10–90% gradient of solvent B over 30 min). After purification, the peptide solution was lyophilized. Peptide purity was assessed using analytical HPLC and Inertsil WP300 C18 5 µM 150 × 3.0 mm (25 cm × 4.6 mm; solvent A: 0.1% TFA/water gradient B: 0.1% TFA/MeCN, flow rate: 1.0 mL·mL–1, gradient: 10–90% gradient of solvent B over 30 min).




4.3. CD Spectrometry


The CD spectra were recorded using a 1.0 mm path length cell. The data are expressed in terms of [θ], that is, the total molar ellipticity (deg cm2 dmol−1). The peptides were dissolved in 20 mM phosphate-buffered solution (pH 7.4) with 1% SDS at a concentration of 100 µM.




4.4. Antimicrobial Activity


The selected bacterial strains were obtained from the Biological Resource Center, NITE (NBRC; Tokyo, Japan). Escherichia coli DH5α cells were purchased from BioDynamics Laboratory, Inc. (Tokyo, Japan). The antimicrobial activities of the peptides against two Gram-positive bacteria and three Gram-negative bacteria, S. aureus NBRC 13276, E. coli DH5α, P. aeruginosa NBRC 13275, and MDRP were measured using the standard broth microdilution method, as previously described. Briefly, the bacteria were inoculated and grown overnight at 37 °C on the media for other organisms i (agar medium) and then collected with the media for other organisms ii (liquid medium), according to the Japanese Pharmacopoeia 17th Edition. Each peptide was 2-fold serially diluted with an initial concentration of 4000 μM–1.56 μM in PBS for use. Next, 10 μL of the peptide solution per well was added to each well of a sterile 96-well plate. Subsequently, 90 μL per well of inoculation with 104 CFUs (colony forming units) per mL was added to each well, and the plate was incubated for 18 h at 35 °C. MIC was defined as the lowest concentration of the peptide that completely inhibited bacterial growth by visual inspection at 535 nm.




4.5. Digestion Assay


The digestion assay was performed using Proteinase K of the digestive enzyme. Peptides (1 mM) were treated with 0.002% (v/v) Proteinase K and peptides were incubated at 37 °C for 2–24 h. A solution (0.1% TFA/H2O/MeCN) was added to quench the enzymatic reaction. The peptides were evaluated using analytical HPLC and a Discovery® BIO Wide Pore C18 column (25 cm × 4.6 mm, solvent A: 0.1% TFA/water, solvent B: 0.1% TFA/MeCN, flow rate: 1.0 mL mL−1, gradient: 10–60% gradient of solvent B over 30 min). Reproducibility was confirmed by the two independent experiments.




4.6. Hemolysis Activity


Human red blood cells (RBCs) were kindly supplied by the Japanese Red Cross Society (Tokyo, Japan) and were collected from volunteers under informed consent. The hemolysis test of peptides was performed using a previously reported method [13]. In short, the RBCs were washed three times with 172 mM Tris-HCl buffer (pH = 7.6, wash buffer: WB), and 1.0 mL of sedimented erythrocytes was then transferred to 9.0 mL of WB. Then, 0.5 mL of this suspension was diluted in WB, and 50 µL of RBC suspension was incubated with 50 µL of each peptide for 30 min at 37 °C (final peptide conc from 100 to 0.39 μM). The suspensions were then centrifuged for 5 min at 400 rpm. The absorbance of the supernatant was measured at a wavelength of 535 nm. M-Lycotoxin [26] was used as a positive control, and the absorbances of the sample by treatment of DMSO and M-Lycotoxin were defined as 0 and 100%. Concentrations that showed hemolytic activity greater than 50% were defined as a hemolysis activity of each peptide.





5. Conclusions


In conclusion, we identified novel antimicrobial peptide 2 by replacing Lys residues with Orn residues based on peptide 1. Peptide 2 adopts a stabilized helical structure and exhibits antimicrobial activity against both Gram-positive and Gram-negative bacteria. Peptide 2 also exhibits antimicrobial activity against MDRP without any significant hemolytic activity. Furthermore, replacing Lys with Orn increased the chemical stability against proteinase K and prolonged the half life time (t1/2) by up to approximately two times. We expect that peptide 2 will be a promising reagent for treatment of infectious diseases.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/antibiotics12010019/s1.





Author Contributions


Conceptualization, T.M. and Y.D.; investigation, M.T., T.I., M.K., N.M. and T.M.; writing—original draft preparation, T.M.; writing—review and editing, T.M. and Y.D.; supervision, Y.D. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported in part by grants from the Japan Agency for Medical Research and Development (grant numbers: 22mk0101197j0002, 22fk0210110j0401, 22ak0101185j0301, and 22fk0310506j0701 to Y.D.; 21fk08622j0001 and 22fk0108622j0002 to T.M.); the Japan Society for the Promotion of Science and the Ministry of Education, Culture, Sports, Science and Technology (JSPS/MEXT KAKENHI grant numbers JP18H05502 and 21K05320 to Y.D., 20K06958 to T.M.); the Takeda Science Foundation (to Y.D. and T.M.); the Naito Foundation (to Y.D.); the Sumitomo Foundation (to Y.D.); and the Novartis Foundation (Japan) for the Promotion of Science (to Y.D.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available from the authors on reasonable request. HPLC analytical method and Characterization of peptides are in the Supplementary Materials.




Acknowledgments


The authors are deeply grateful to Katsuhiko Hayashi (National Institute of Health Sciences) for their help with technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hutchings, M.I.; Truman, A.W.; Wilkinon, B. Antibiotics: Past, present and future. Curr. Opin. Microbiol. 2019, 51, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Blair, J.M.A.; Webber, M.A.; Baylay, A.J.; Ogbolu, D.O.; Piddock, L.J.V. Molecular mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 2015, 13, 42–51. [Google Scholar] [CrossRef] [PubMed]

	



Da Cunha, N.B.; Cobacho, N.B.; Viana, J.F.C.; Lima, L.A.; Sampaio, K.B.O.; Dohms, S.S.M.; Ferreira, A.C.R.; de la Fuente-Núñez, C.; Costa, F.F.; Franco, O.L.; et al. The next generation of antimicrobial peptides (AMPs) as molecular therapeutic tools for the treatment of diseases with social and economic impacts. Drug Discov. Today 2017, 22, 234–248. [Google Scholar] [CrossRef] [PubMed]

	



Ageitos, J.M.; Sánchez-Pérez, A.; Calo-Meta, P.; Villa, T.G. Antimicrobial peptides (amps): Ancient compounds that represent novel weapons in the fight against bacteria. Biochem. Pharmacol. 2017, 133, 117–138. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Y.; Zhang, X.; Yuan, Y.; Bao, Y.; Xiong, M. Role and modulation of the secondary structure of antimicrobial peptides to improve selectivity. Biomater. Sci. 2020, 8, 6858–6866. [Google Scholar] [CrossRef]

	



Elliott, A.G.; Huang, J.X.; Neve, S.; Zuegg, J.; Edwards, I.A.; Cain, A.K.; Boinett, C.J.; Barquist, L.; Lundberg, C.V.; Steen, J.; et al. An amphipathic peptide with antibiotic activity against multidrug-resistant Gram-negative bacteria. Nat. Commun. 2020, 11, 3184. [Google Scholar] [CrossRef]

	



Yokoo, H.; Hirano, M.; Misawa, T.; Demizu, Y. Helical antimicrobial peptide foldamers containing non-proteinogenic amino acids. ChemMedChem 2021, 16, 1226–1233. [Google Scholar] [CrossRef]

	



Tew, G.N.; Scott, R.W.; Klein, M.L.; DeGrado, W.F. De Novo design of antimicrobial polymers, foldamers, and small molecules: From discovery to practical applications. Acc. Chem. Res. 2011, 43, 30–39. [Google Scholar] [CrossRef]

	



Bonnel, C.; Legrand, B.; Simon, M.; Clavié, M.; Masnou, A.; Jumas-Bilak, E.; Kang, Y.K.; Licznar-Fajardo, P.; Maillard, L.T.; Masurier, N. Tailoring the physicochemical properties of antimicrobial peptides onto a thiazole-based γ-peptide foldamer. J. Med. Chem. 2020, 63, 9168–9180. [Google Scholar] [CrossRef]

	



Horne, W.S.; Gellman, S.H. Foldamers with heterogenous backbones. Acc. Chem. Res. 2008, 41, 1299–1408. [Google Scholar] [CrossRef]

	



Porter, E.A.; Wang, X.; Lee, H.S.; Weisblum, B.; Gellman, S.H. Non-haemolytic beta-amino-acid oligomers. Nature 2000, 404, 565. [Google Scholar] [CrossRef] [PubMed]

	



Mourtada, R.; Herce, H.D.; Yin, D.J.; Moroco, J.A.; Wales, T.E.; Engen, J.R.; Walensky, L.D. Design of stapled antimicrobial peptides that are stable, nontoxic and kill antibiotic-resistant bacteria in mice. Nat. Biotechnol. 2019, 37, 1186–1197. [Google Scholar] [CrossRef] [PubMed]

	



Goto, C.; Hirano, M.; Hayashi, K.; Kikuchi, Y.; Hara-Kudo, Y.; Misawa, T.; Demizu, Y. Development of amphipathic antimicrobial peptide foldamers based on Magainin 2 sequence. ChemMedChem 2019, 14, 1911–1916. [Google Scholar] [CrossRef] [PubMed]

	



Hirano, M.; Saito, C.; Yokoo, H.; Goto, C.; Kawano, R.; Misawa, T.; Demizu, Y. Development of antimicrobial stapled peptides based on Magainin 2 sequence. Molecules 2021, 26, 444. [Google Scholar] [CrossRef] [PubMed]

	



Seo, J.K.; Kim, D.G.; Lee, J.E.; Park, K.S.; Lee, I.A.; Lee, K.Y.; Kim, Y.O.; Nam, B.H. Antimicrobial activity and action mechanisms of Argrich short analog peptides designed from the C-terminal loop region of American oyster defensin (AOD). Mar. Drugs 2021, 19, 451. [Google Scholar] [CrossRef] [PubMed]

	



Dong, N.; Wang, C.; Zhang, T.; Zhang, L.; Xue, C.; Feng, X.; Bi, C.; Shan, A. Bioactivity and bactericidal mechanism of Histidine-rich β-hairpin peptide against Gram-negative bacteria. Int. J. Mol. Sci. 2019, 20, 3954. [Google Scholar] [CrossRef] [PubMed]

	



Frenkel-Pinter, M.; Haynes, J.W.; Martin, C.; Petrov, A.S.; Burcar, B.T.; Krishnamurthy, R.; Hudm, N.V.; Leman, L.J.; Williams, L.D. Selective incorporation of proteinaceous over nonproteinaceous cationic amino acids in model prebiotic oligomerization reactions. Proc. Natl. Acad. Sci. USA 2019, 116, 16338–16346. [Google Scholar] [CrossRef]

	



Kelly, S.M.; Price, N.C. The use of circular dichroism in the investigation of protein structure and function. Curr. Protein Pept. Sci. 2000, 1, 349–384. [Google Scholar] [CrossRef]

	



Su, Y.; Doherty, T.; Waring, A.J.; Ruchala, P.; Hong, M. Roles of arginine and lysine residues in the translocation of a cell-penetrating peptide from (13)C, (31)P, and (19)F solid-state NMR. Biochemistry 2009, 48, 4587–4595. [Google Scholar] [CrossRef]

	



Mergler, M.; Dick, F.; Sax, B.; Schwindling, J.; Vorherr, T.H. Synthesis and application of Fmoc-His(3-Bum)-OH. J. Pept. Sci. 2001, 7, 502–510. [Google Scholar] [CrossRef]

	



Sandín, D.; Valle, J.; Chaves-Arquero, B.; Prats-Ejarque, G.; Larrosa, M.N.; González-López, J.J.; Jiménez, M.Á.; Boix, E.; Andreu, D.; Torrent, M. Rationally modified antimicrobial peptides from the N-terminal domain of human RNase 3 show exceptional serum stability. J. Med. Chem. 2021, 64, 11472–11482. [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]

	



Horne, W.S.; Boersma, M.D.; Windsor, M.A.; Gellman, S.H. Sequence-based design of alpha/beta-peptide foldamers that mimic BH3 domains. Angew. Chem. Int. Ed. Engl. 2008, 47, 2853–2856. [Google Scholar] [CrossRef] [PubMed]

	



Pasco, M.; Dolain, C.; Guichard, G. Foldamers in Medicinal Chemistry. Compr. Supramol. Chem. II 2017, 89–125. [Google Scholar]

	



Cavaco, M.; Andreu, D.; Castanho, M.A.R.B. The challenge of peptide proteolytic stability studies: Scarce data, difficult readability, and the need for harmonization. Angew. Chem. Int. Ed. Engl. 2021, 60, 1686–1688. [Google Scholar] [CrossRef]

	



Akishiba, M.; Takeuchi, T.; Kawaguchi, Y.; Sakamoto, K.; Yu, H.H.; Nakase, I.; Takatani-Nakase, T.; Madani, F.; Gräslund, A.; Futaki, S. Cytosolic antibody delivery by lipid-sensitive endosomolytic peptide. Nat. Chem. 2017, 9, 751–761. [Google Scholar] [CrossRef]








[image: Antibiotics 12 00019 g001 550] 





Figure 1. Design of a series of antimicrobial peptides based on the substitution of Lys residues with other cationic amino acids. (a) Previous works for the development of antimicrobial peptides based on the secondary structural control. (b) Investigation of the substitution of cationic amino acid residues in this study. The cyclization between i and i + 4 of two S5 residues is indicated by an asterisk. 
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Figure 2. Secondary structural analysis of peptides 1–5 using CD spectra in pH = 7.4 phosphate buffer with 1% SDS. 
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Figure 3. The chemical stability of Mag2 and peptides 1–2 against proteinase K. The peptides were treated with proteinase K (0.002% v/v) for indicating time (h), and the amount of undegraded peptides was measured by HPLC. The digestion assay were performed in two independent experiments and each data were shown as asterisks. The data of Mag2 was taken from ref [13]. Peptide concentration: 1 mM. 
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Table 1. The sequence of designed peptides and the protonated pKa values of side chains [17].
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Peptide

	
Sequence

	






	
Mag2

	
H-GIGKFLHSAKKFGKAFVGEIMNS-NH2
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1

	
H-GIKKFLKSXKKFVKXFK-NH2




	
2

	
H-GIOOFLOSUOOFVOUFO-NH2




	
3

	
H-GIBBFLBSUBBFVBUFB-NH2




	
4

	
H-GIRRFLRSURRFVRUFR-NH2




	
5

	
H-GIHHFLHSUHHFVHUFH-NH2
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Table 2. The antimicrobial activity and hemolytic activity of Mag2 and peptides 1–5. The minimum inhibitory concentration (MIC) was used for the evaluation of antimicrobial activity against four bacterial strains. E.coli: Escherichia coli; P.a.: Pseudomonas aeruginosa: MDRP; multidrug-resistant Pseudomonas aeruginosa; S.a.: Staphylococcus aureus. The antimicrobial and hemolytic assay were performed at the final concentration at from 0.39 to 100 μM. In the hemolysis assay, DMSO and M-lycotoxin were used as negative and positive control, and their hemolysis ratio were defined as 0 and 100%. Concentrations that showed hemolytic activity greater than 50% were defined as a hemolysis activity of each peptide.
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Peptide

	
Sequence

	
MIC (µM)

	
Hemolysis (µM)




	

	

	
Gram (–)

	
Gram (+)

	




	
E.Coli

	
P.a.

	
MDRP

	
S.a.

	






	
Mag2

	
H-GIGKFLHSAKKFGKAFVGEIMNS-NH2

	
3.13

	
12.5

	
12.5

	
100

	
>100




	
1

	
H-GIKKFLKSXKKFVKXFK-NH2

	
3.13

	
3.13

	
3.13

	
12.5

	
100




	
2

	
H-GIOOFLOSUOOFVOUFO-NH2

	
3.13

	
6.25

	
3.13

	
12.5

	
50




	
3

	
H-GIBBFLBSUBBFVBUFB-NH2

	
3.13

	
6.25

	
6.25

	
12.5

	
25




	
4

	
H-GIRRFLRSURRFVRUFR-NH2

	
3.13

	
12.5

	
12.5

	
3.13

	
6.25




	
5

	
H-GIHHFLHSUHHFVHUFH-NH2

	
>50

	
>50

	
>50

	
>50

	
>100
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