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Editorial on the Research Topic
 Community series in antimicrobial peptides: Molecular design, structure function relationship and biosynthesis optimization




The continuous rise in antimicrobial resistance during the last decades has significantly contributed to the R&D of alternatives such as antimicrobial peptides (AMPs). In the first volume of this topic, we proposed a combinatorial approach involving AMPs, antimicrobials and vaccines, which would be instrumental for the prevention and treatment of human and animal diseases within the One Health framework (Figure 1) (Wang et al., 2018, 2019; Cardoso et al., 2019a; Yang et al., 2019; Ma et al., 2021; Wu et al., 2021; Zheng et al., 2021; Hao et al., 2022). Compared to conventional antimicrobials, AMPs possess certain advantages such as high penetration and internalization, in some cases decreased likelihood of resistance emergence among bacterial pathogens, and lower probability of accumulation in tissues (Wang et al., 2019, 2022; Aminov, 2022). Selective inhibition of bacterial pathogens without causing significant cytotoxic effects, is not only an essential requirement but also a critical challenge for the R&D of AMPs. The charge, special amino acid (aa) residues, hydrophobicity/hydrophilicity ratio and secondary structure directly affect the antibacterial activity, stability and cytotoxicity of AMPs. Thus, the discovery of new AMPs by natural screening, database mining and machine learning, in addition to the rational structural design of these agents could greatly contribute to translating them from lab to clinic. These exciting new developments are highlighted in 21 papers published in the second volume of the community series of Research Topics devoted to AMPs.


[image: Figure 1]
FIGURE 1
 Framework of AMPs development for the post-antibiotic era.



Discovery of natural AMPs

AMPs are short natural molecules, which are encountered in the majority of living organisms and serve as a first line of defense. According to the Antimicrobial Peptide Database (APD, https://aps.unmc.edu/), AMPs have been discovered from six life kingdoms: bacteria, archaea, protists, fungi, plants, and animals. They are mostly of animal origin, with 74% of known natural AMPs isolated from this source (Wang et al., 2016; Wang, 2022). AMPs in animals serve as host defense peptides to prevent pathogen invasion. Liu M. et al. established the coding sequences (CDS) and deduced the full-length amino acid sequences of novel hepcidin peptides from Antarctic Notothenioid Fish. The mature hepcidin peptides four disulphide bonds, differing from the typical defensins (α, β, and Θ) with three such bonds. This AMP was successfully expressed in Escherichia coli and displayed a broad-spectrum antibacterial activity. Microorganisms also produce AMPs to defend their ecological niches. Compared to animal AMPs, however, the biosynthetic pathways of microbial AMPs are divided into ribosomally produced and non-ribosomally produced peptides, yielding a great diversity of structural types of AMPs. Wu Y.-p. et al. isolated a cyclic non-ribosomal lipopeptide polymyxin A1 from Paenibacillus thiaminolyticus and determined the biosynthetic gene cluster for its synthesis, which included five open reading frames (ORFs). The lipopeptide structure confers stability and strong activity against Gram-negatove bacteria. This AMP, however, should be further tested for its efficacy and toxicity in vivo. Bacteriocins are ribosomally produced AMPs, which primary function is to inhibit competing strains present within the same ecological niche. Thus, they display a narrow activity range, essentially directed toward close relatives. This property could be advantageous, allowing precision therapy and infection control. Vogel et al. isolated a bacteriocin Angicin from Streptococcus anginosus, which is not subjected to posttranslational modifications (Vogel et al., 2021). Angicin displays no cytotoxicity toward eukaryotic cells since it precisely targets the bacterial mannose phosphotransferase system (Man-PTS), and there is no identified target in eukaryotic cells (Vogel et al.). Previous studies on AMPs have been mainly focused on their antimicrobial effect against bacteria, but some recent works have also involved fungi. Fungi are frequently plant pathogens, and there has been a considerable interest in using microorganisms or their compounds as a sustainable bio-control measure for the protection of plants against fungal diseases. Zhu H. et al. identified the antifungal tetrapeptide His-Ala-Phe-Lys (Hafk) from the bacterium Burkholderia arboris by using a Tn5 transposon mutation library. Inactivation or deletion of the cobA gene resulted in a reduced antifungal activity and significantly decreased the production of Hafk. Thus, the Hafk peptide has a significant potential as a biocontrol agent for crop fungal diseases. Presently, however, the natural reservoirs of AMPs such as the marine environment have not been sufficiently explored. The discovery and development of novel AMPs from under-explored ecological niches would certainly contribute to the health initiative within the One Health framework (Travis et al., 2018; Lazzaro et al., 2020; Hao et al., 2022).



Structure and function of AMPs

Natural AMPs are the product of long-term evolution and they have evolved to perform certain functions such as providing protection to against infectious invasion or occupation of ecological niches. These functions are not always in-line with our needs, and here we can investigate the structure-and-function relationships of AMPs in order to improve their characteristics for our purposes. Mehamycin, a drosomycin-type antifungal peptide (DTAFP), belongs to the defensin-type family present in plants and ecdysozoans. By analyzing sequence and structural features of Mehamycin and other peptides in the DTAFP family, an 18-aa residue single Disulfide Bridge-linked Domain (sDBD) insert was identified (Gu et al.). Mutational analysis suggested a key role played by this insert in broadening the antimicrobial spectrum, accelerating pathogen eradication and thus conferring an evolutionary advantage. Identification of allosteric residues uncovered the structure-and-function trade-off. Besides the effect of peptide segments on structure and function of AMPs, single aa residues may also affect their biological function. This especially concerns aa with unique properties such as hydrophobic and basic aa. Sultana et al. investigated the role of basic aa residues, K58 and K59 and the N-terminal α-helix containing residues K7 and K30, in the antimicrobial activity of Angiogenin 4. Mutations in these positions resulted in reduced antimicrobial activity against Salmonella Typhimurium. Thus, the critical basic aa residues with different functionalities rather than overall electrostatic interactions play a key role in cell binding and disruption of the bacterial membrane integrity by Angiogenin 4. Optimized AMPs may be obtained by rational design by rearranging hydrophilic and hydrophobic residues, changing net charge or through conformational changes (de Moraes et al.; Wu R. et al.; Li et al.; Yuan et al.).



Computational mining of AMPs

At present, thousands of identified AMP sequences are deposited in public AMPs databases such as antimicrobial peptides database (APD, https://aps.unmc.edu/prediction), collection of anti-microbial peptides (CAMP, http://www.camp.bicnirrh.res.in/), database of antimicrobial activity and structure of peptides (DBAASP, https://www.dbaasp.org/home), and database of antimicrobial peptides (dbAMP, http://csb.cse.yzu.edu.tw/dbAMP/, all accessed on 14 December 2022). Their structure-and-function relationships, however, are not explored to a level that would allow their further improvement and optimization (Porto et al., 2018; Torres et al., 2021; Wan et al., 2022). In the post-genomic era, the growing number of sequences deposited in databases has become a new rich resource for discovery, modification and redesign of novel AMPs (Torres et al., 2022). Tools for such analyses include Multiple Descriptor Multiple Strategy (MultiDS) screening system and multi-task learning (MTL). They are based on physicochemical and structural parameters, strategies, and algorithms for the rapid search of new candidate AMPs from genome sequences, and these systems introduce the relationship between MIC values and other parameters, providing a new perspective for improving the antibacterial activity and other key properties of AMPs (Lee et al.; Liu L. et al.). AMPs identified by genome-based screening systems were homologous to annotated and unannotated natural AMPs, and the de novo design methods were implemented for optimal AMP structures. Therefore, a comprehensive screening system based on bioinformatic and artificial intelligence tools enable a high-throughput prediction of novel functional AMPs with a high potential and applicability for further wet lab work (Cardoso et al., 2020; Torres et al., 2021).



Recombinant AMPs expression

Although chemical synthesis is an important method for the preparation of short AMPs, the high manufacturing cost is a key limiting factor, particularly for peptides > 35 aa residues and with post-translational modifications (Deng et al., 2017; Cao et al., 2018; Wibowo and Zhao, 2019). Recombinant expression systems are widely used to produce various polypeptides and proteins. For example, Bacillus is an excellent host that can express heterologous proteins and also produce endogenous AMPs (Ren et al.). It is worth highlighting that there is currently no universal approach to express various AMPs, and the scope and applicability of each system is limited which it is based on special vector construction involving element reform and optimization, well-resistance selection for expression host suicide from AMPs, exact cleavage and secretion, and easy purification (Mao et al., 2014; Zhang et al., 2014; Teng et al., 2015; Li et al., 2017a,b, 2020; Wang et al., 2017; Cao et al., 2018; de Oliveira et al., 2020; Liu et al., 2021; Torres et al., 2021, 2022).



Effects of AMPs on bacteria at different growth stages

In multicellular organisms AMPs are part of innate immunity and thus serve as the first line of defense against pathogens. Compared to traditional antimicrobials, AMPs are characterized by more narrow mutant selection windows and lesser chances of emergence of bacterial resistance (Rodríguez-Rojas et al., 2014, 2018; Yu et al., 2018; Liu et al., 2021; Zheng et al., 2021; Wu et al., 2022). Activities of AMPs are usually evaluated in vitro with exponentially growing bacteria, but under natural conditions, bacterial growth rates are much slower (Savageau, 1983; Spaulding et al., 2017). Bacteria in stationary phase, for instance, are significantly less susceptible to antimicrobials compared to exponentially growing bacteria (Gutierrez et al., 2017; Mccall et al., 2019). Using five different AMPs and three antibiotics, Rodríguez-Rojas and Roll demonstrated that AMPs possess a better bactericidal effect on non-dividing bacteria compared to antibiotics. The authors reasoned that AMPs were selected as an antimicrobial defense strategy by metazoans precisely in part due to this desirable activity against non-dividing bacteria.



Conclusions

Pathogen resistance to antimicrobials, especially multi-drug resistance, poses a serious worldwide public health concern due to the higher morbidity and mortality rates caused by these infections. Alternatives to antimicrobials such as AMPs attract attention due to their multifactorial mechanism of action, low propensity to select for bacterial resistance, intracellular antibacterial activity, and special synergistic with conventional antimicrobials, among other advantages (Travis et al., 2018; Wang et al., 2018; Cardoso et al., 2019b; Lazzaro et al., 2020; Ageitos et al., 2022; Aminov, 2022; Hao et al., 2022; Zhu R. et al.). Thus, the discovery, modification, reformation and de novo design of AMPs represent an exciting approach for infection management and control. With the use of omics technologies, combined with synthetic biology approaches and gene editing and artificial intelligence tools, the increasing number of novel AMPs with high antimicrobial efficiency and low cytotoxicity can now be mined and identified for a potential use (Melo et al., 2021; Palmer et al., 2021). It must be not overlooked that AMPs, as a part of innate immunity, play a significant role in immune responses, which may occasionally be detrimental to the host. Thus, defining the antimicrobial and immune stimulation boundaries in order to limit the latter is a priority when designing new AMPs.

Currently, some AMPs are undergoing phase II-III clinical trials (Jiang et al., 2021). Most of them are used topically for wound and skin infections. The main reason for the topical use is to restrict systemic effects that could be detrimental for the host because of the impact of AMPs on the immune system. Compared to traditional antimicrobials, many AMPs derived from animals have immune functions besides their antibacterial effect (Ganz, 2003; Nesa et al., 2020). Thus, systemic application of AMPs may potentially display side effects resulting from their innate immunomodulatory properties. In order to be considered for systemic administration, AMPs should lack off-target effects, possess desirable bioavailability, stability, and half-life profiles, and optimal pharmacokinetic methods should be established (Zheng et al.). From a synthetic biology perspective, manufacturing of AMPs is not problematic since numerous toolkits are currently available (Cao et al., 2018; Hao et al., 2018). However, the choice of expression systems for AMPs should be determined based on desired properties such as the range of microorganisms targeted, the kind of application envisaged, possibility and feasibility of heterogenous expression of these peptides, and a reasonable and competitive cost of manufacturing once AMPs are ready for clinical applications (Zhang et al., 2011; Mao et al., 2014; Teng et al., 2015; Li et al., 2017b; Cao et al., 2018; de Oliveira et al., 2020; Hao et al., 2022).
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Most skin infections, including those complicating burns, are polymicrobial involving multiple causative bacteria. Add to this the fact that many of these organisms may be antibiotic-resistant, and a simple skin lesion or burn could soon become life-threatening. Membrane-acting cationic peptides from Gram-negative bacteriophage lysins can potentially aid in addressing the urgent need for alternative therapeutics. Such peptides natively constitute an amphipathic region within the structural composition of these lysins and function to permit outer membrane permeabilization in Gram-negative bacteria when added externally. This consequently allows the lysin to access and degrade the peptidoglycan substrate, resulting in rapid hypotonic lysis and bacterial death. When separated from the lysin, some of these cationic peptides kill sensitive bacteria more effectively than the native molecule via both outer and cytoplasmic membrane disruption. In this study, we evaluated the antibacterial properties of a modified cationic peptide from the broad-acting lysin PlyPa01. The peptide, termed PaP1, exhibited potent in vitro bactericidal activity toward numerous high priority Gram-positive and Gram-negative pathogens, including all the antibiotic-resistant ESKAPE pathogens. Both planktonic and biofilm-state bacteria were sensitive to the peptide, and results from time-kill assays revealed PaP1 kills bacteria on contact. The peptide was bactericidal over a wide temperature and pH range and could withstand autoclaving without loss of activity. However, high salt concentrations and complex matrices were found to be largely inhibitory, limiting its use to topical applications. Importantly, unlike other membrane-acting antimicrobials, PaP1 lacked cytotoxicity toward human cells. Results from a murine burn wound infection model using methicillin-resistant Staphylococcus aureus or multidrug-resistant Pseudomonas aeruginosa validated the in vivo antibacterial efficacy of PaP1. In these studies, the peptide enhanced the potency of topical antibiotics used clinically for treating chronic wound infections. Despite the necessity for additional preclinical drug development, the collective data from our study support PaP1 as a potential broad-spectrum monotherapy or adjunctive therapy for the topical treatment of polymicrobial infections and provide a foundation for engineering future lysin-derived peptides with improved antibacterial properties.
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INTRODUCTION

Chronic wound infections are generally polymicrobial in nature (Bowler et al., 2001; Kirketerp-Moller et al., 2008). The interactions between the different microorganisms in these diverse communities have significant ramifications on disease progression and clinical outcome, with higher mortality rates observed than monomicrobial infections due to increased pathogenicity, biofilm formation and antibiotic resistance (Short et al., 2014; Nabb et al., 2019). The increased prevalence of antibiotic resistance in these microenvironments has been selected for by drug overuse and misuse, which is a reality that poses a serious threat to global public health (Ventola, 2015). In the United States, there are more than 2.8 million antibiotic-resistant infections annually, resulting in over 35,000 deaths (Centers for Disease Control and Prevention, 2019). Pharmaceutical research and development have failed to meet the clinical need for novel antibiotics because of challenges encompassing clinical development, as well as scientific, regulatory and economic issues (Tacconelli et al., 2018). The absence of a coordinated discovery platform over the past 50 years has afforded bacteria the opportunity to continually develop resistance to existing antibiotics. By using a combination of resistance mechanisms, the rapid evolution and dissemination of multidrug-resistant (MDR), extensively drug-resistant (XDR), and pandrug-resistant (PDR) bacteria further raises the threat level (Magiorakos et al., 2012). Importantly, in addition to saving lives, antibiotics enable modern medicine. The absence of effective antibiotics would have serious implications on medical procedures, such as surgery, dialysis, chemotherapy and organ transplantation (Lewis, 2020).

Membrane-acting compounds represent a class of bacterial therapeutics that are advantageous due to a lack of resistance formation and their ability to exhibit potent antibacterial activity against dormant bacteria (Lewis, 2020). Two examples of approved membrane-acting drugs are daptomycin and the polymyxins. For Gram-positive (GP) bacterial infections, daptomycin is a calcium-dependent cyclic lipopeptide that inserts into the cytoplasmic membrane (CM), causing membrane disruption without entering the cytoplasm or causing bacterial lysis (LaPlante and Rybak, 2004; Hancock, 2005; Gonzalez-Ruiz et al., 2016). For Gram-negative (GN) bacterial infections, the polymyxins are membrane-acting antibiotics used clinically as drugs of last resort. Polymyxins bind phosphate groups of lipopolysaccharides (LPS) and phospholipids to promote bacterial membrane disruption, intracellular content leakage, and bacterial death (Evans et al., 1999; Li et al., 2001). Likewise, antimicrobial peptides (AMPs) of the innate immune system damage bacterial membranes using a similar mechanism of action. Their cationic properties increase the permeability of the bacterial membrane through selective electrostatic interactions with the negatively charged microbial cell membrane. The amphipathic nature of AMPs destabilizes the membrane via pore formation by inserting their hydrophobic segment into the lipid bilayer, resulting in cell lysis and death (Zanetti, 2004; Som et al., 2008; Guo et al., 2018; Klubthawee et al., 2020). Despite their antibacterial potency, an unfortunate characteristic of many membrane-acting antimicrobials is their considerable cytotoxic effects on eukaryotic cells, limiting their therapeutic dosing range (Falagas and Kasiakou, 2005; Lim et al., 2010; Boohaker et al., 2012; Justo and Bosso, 2015).

Cationic peptides from GN bacteriophage (phage) lysins represent a novel class of a membrane-acting antimicrobials. In general, lysins are peptidoglycan hydrolases used to lyse host cells in order to liberate progeny virions at the culmination of the phage infection cycle (Fischetti, 2008). Exogenously applied recombinant lysins efficiently lyse GP bacteria, an observation that highlights their potential as antimicrobials (Heselpoth et al., 2018; Danis-Wlodarczyk et al., 2021; Ho et al., 2021; Schmelcher and Loessner 2021). However, the outer membrane (OM) in GN bacteria largely prevents recombinant lysins from accessing the peptidoglycan, although there is increasing evidence that many GN lysins contain an amphipathic membrane-acting segment that permeabilizes the membrane (Lai et al., 2011; Larpin et al., 2018; Ghose and Euler, 2020). Although still a hypothesis, the cationic properties associated with this region of the lysin could potentially electrostatically interact with anionic phosphate groups located within the inner lipid A core of LPS to competitively displace stabilizing divalent cations (in particular, Mg2+ and Ca2+), which are essential for outer leaflet structural integrity. These events would permit the lysin to diffuse through the OM and cleave critical covalent bonds in the peptidoglycan structure to consequently kill the bacterial cell through hypotonic lysis.

When separated from the whole lysin molecule, the membrane-acting segment can be exploited as a cationic peptide with bactericidal properties due to its ability to disrupt the bacterial membrane. In a proof-of-concept study, P307, a 31 amino acid (aa) cationic peptide originating from the C-terminal end of the Acinetobacter baumannii lysin PlyF307 (Lood et al., 2015), efficiently killed A. baumannii (Thandar et al., 2016). The bactericidal potency of the peptide was significantly improved when an eight aa sequence (SQSRESQC) originating from the hepatitis B virus core protein was added to the C-terminus. The presence of these eight amino acids was found to enhance the activity of an arginine-rich domain of the hepatitis B virus core protein against a variety of bacterial pathogens (Chen et al., 2013). Experimental highlights associated with the modified peptide, P307SQ-8C, include synergism with polymyxin B, in vitro bactericidal activity toward biofilm-state bacteria, absence of cytotoxicity toward human cells, and log10-fold killing of A. baumannii using a mouse skin infection model (Thandar et al., 2016).

Considering P307SQ-8C exhibits robust activity primarily toward A. baumannii only, the goal of our study was to engineer a novel lysin-derived cationic peptide with broadened bactericidal activity that covers numerous clinically relevant bacterial pathogens, with an emphasis on those predominantly found in wound infections (e.g., A. baumannii, Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa and Staphylococcus aureus; Bessa et al., 2015). Previously, it was shown that several Pseudomonas lysins were capable of comprehensively killing high priority GN pathogens (Raz et al., 2019); this finding is likely attributable to a broad membrane-acting region at the C-terminal end of each lysin. With this in mind, we evaluated the antibacterial activity of four modified peptide candidates (in parenthesis) originating from the broad-acting P. aeruginosa lysins PlyPa01 (PaP1), PlyPa91 (PaP91), PlyPa96 (PaP96) and PlyPa103 (PaP103). The bactericidal, biochemical and cytotoxic properties of the most potent peptide candidate, PaP1, were measured in vitro. The prophylactic and therapeutic antibacterial efficacy of the peptide was then assessed in vivo against antibiotic-resistant bacterial pathogens using a murine burn wound infection model of disease.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Bacterial strains used in this study are outlined in Table 1 and were stored at −80°C. Unless stated otherwise, bacterial strains were routinely grown aerobically to logarithmic phase in either Brain Heart Infusion (GP bacteria; BD Biosciences) or Luria–Bertani (LB) medium (GN bacteria; Fisher Scientific). One exception was Clostridium difficile, which were grown anaerobically to logarithmic phase in reduced Brain Heart Infusion medium supplemented with 0.5% (wt/vol) yeast extract and 0.1% (wt/vol) L-cysteine.



TABLE 1. Bacterial strains used in this study.
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Peptide Synthesis and Purification

PaP1 derivate peptides were produced by Biomatik Corporation. Additional PaP1, as well as PaP91, PaP96 and PaP103, were synthesized by The Rockefeller University Proteomics Resource Center as previously described (Thandar et al., 2016). Peptides were purified to at least 90% purity. Each lyophilized peptide was resuspended in diH2O prior to experimental use and then stored at −80°C until needed.



Circular Dichroism

Far-UV circular dichroism experiments were performed using a Chirascan V-100 Circular Dichroism Spectrometer (Applied Photophysics). To determine secondary structure composition, each peptide was evaluated at 0.1 mg/ml in 20 mM sodium phosphate, pH 7.0. Using a 1 mm path length quartz cuvette, far-UV spectra were recorded from 190 to 260 nm at 20°C using 1 nm steps with 5 s signal averaging per data point. Spectra were collected in triplicate and then averaged, baseline subtracted, smoothened, and finally converted to mean residue ellipticity by the Pro-Data software (Applied Photophysics).



One Hour Killing Assays

Using a 96-well untreated microtiter plate, log-phase bacteria at approximately 105–106 colony-forming units per milliliter (CFU/ml) were incubated statically in 20 mM Tris–HCl, pH 7.2, with or without (untreated controls) peptides at a final concentration of 10–50 μg/ml for 1 h at 37°C. For assays evaluating peptide activity as a function of bacterial growth phase, P. aeruginosa strain PAO1 were initially grown at 37°C with aeration to either mid-log (OD600nm of 0.5) or stationary phase (24 h growth) and then treated with PaP1 at 10 μg/ml (2.3 μM). For the dose–response killing assays using 106 CFU/ml bacteria, P. aeruginosa strain PAO1 were incubated with peptide concentrations from 0.125 (29.0 nM) to 128 μg/ml (29.7 μM). For the subsequent dose–response killing assays using varying concentrations of bacteria, P. aeruginosa strain PAO1 at 106–108 CFU/ml were treated with PaP1 at final concentrations ranging from 10 to 1,000 μg/ml (232 μM). The temperature-based experiments were conducted by adding PaP1 at 10 μg/ml to P. aeruginosa strain PAO1 in buffer equilibrated at either 4°C, 25°C or 37°C. For the pH studies, the peptide at 25 μg/ml (5.8 μM) was added to P. aeruginosa strain PAO1 in either 25 mM acetate (pH 5), 2-morpholinoethanesulfonic acid (MES, pH 6), Tris–HCl (pH 7 and 8), N-cyclohexyl-2-aminoethanesulfonic acid (CHES, pH 9) or N-cyclohexyl-3-aminopropanesulfonic acid buffer (CAPS, pH 10). All buffering chemicals were obtained from Fisher Scientific. For the salt experiments, PaP1 at 25 μg/ml was incubated with P. aeruginosa strain PAO1 in 20 mM Tris–HCl, pH 7.2, supplemented with 0–500 mM NaCl (Fisher Scientific). Experiments in serum and lung surfactant involved incubating PaP1 at 25 μg/ml with P. aeruginosa strain PAO1 resuspended in either 0%–100% (vol/vol) inactivated human serum (HuS, pooled human male AB plasma; Sigma-Aldrich) or 0%–50% (vol/vol) beractant (Survanta; Abbvie), with buffer being used as the diluent. For the polymicrobial experiment, the different bacterial species were treated with PaP1 at 50 μg/ml (11.6 μM) and then plated on selective agar. LB agar supplemented with 32 μg/ml ceftriaxone (Sigma-Aldrich) and 4 μg/ml levofloxacin (Alfa Aesar) was used for isolating A. baumannii strain NR-17783, Pseudomonas Isolation Agar (Sigma-Aldrich) selected for P. aeruginosa strain NR-51517, and Mannitol Salt Agar (BD Biosciences) with 4 μg/ml oxacillin (Sigma-Aldrich) was used for isolating S. aureus strain NRS384. Each experiment comprised an untreated control. At the culmination of each killing assay, 100 μl and 10-fold serial dilutions from each sample were plated. Since the minimum number of countable colonies is 1 CFU in the 100 μl plated, the limit of detection for each experiment was 10 CFU/ml. Error bars correspond to ± the standard error of the mean (SEM) of triplicate experiments.



Antibiofilm Activity

The bactericidal activity of PaP1 toward biofilm-state bacteria was measured using a previously described method (Raz et al., 2019). Briefly, an overnight culture of P. aeruginosa strain PAO1 was diluted 1:1,000 in tryptic soy broth (BD Biosciences) with 0.2% (wt/vol) glucose. The diluted bacteria were added to an MBEC Assay® Biofilm Inoculator 96-well plate (Innovotech) at 100 μl per well. Sterility controls were included, which consisted of growth medium absent bacteria. Biofilms were formed on the plastic pegs attached to the MBEC plate lid by incubating the plate for 24 h at 37°C with shaking at 65 revolutions per minute (RPM). Biofilms were washed twice with 20 mM Tris–HCl, pH 7.2, and then treated in buffer with or without (growth control) PaP1 at final concentrations from 1 to 256 μg/ml for 2 h at 37°C with shaking. Biofilms were again washed twice with buffer. In order to recover the biofilm-state bacteria, the MBEC plate lid was transferred to a new 96-well plate containing 200 μl per well of buffer. The plate was sonicated in a water bath for 30 min, and then 100 μl and 10-fold serial dilutions from each sample were plated. The limit of detection was 10 CFU/ml. Error bars correspond to ± SEM of triplicate experiments.



Time-Kill Assay

Using a 96-well untreated microtiter plate, mid-log P. aeruginosa strain PAO1 at 106 CFU/ml were incubated with or without (untreated controls) PaP1 at 10 μg/ml in 20 mM Tris–HCl, pH 7.2, for 30 min at 37°C. In 5 min intervals, an aliquot was removed from each sample. Both 100 μl and 10-fold serial dilutions from each sample were plated. The limit of detection was 10 CFU/ml. Error bars correspond to ± SEM of triplicate experiments.



Measuring Thermal Stability

Using an Echotherm heating/chilling plate (Torrey Pines Scientific), PaP1 was incubated at 100 μg/ml in phosphate buffered saline (PBS), pH 7.4, in a microcentrifuge tube for 30 min at temperatures ranging from 4°C (unheated control) to 90°C. Incubation at higher temperatures was achieved by either boiling (100°C) or autoclaving (123°C) the peptide for 30 min. Following heat treatment, the peptide samples were immediately placed on ice for at least 10 min. To quantitate residual bactericidal activity, the peptide at a final concentration of 10 μg/ml was incubated statically with mid-log P. aeruginosa strain PAO1 at ~106 CFU/ml in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. An untreated control sample set was included consisting of bacteria incubated in buffer only. Finally, 100 μl and 10-fold serial dilutions from each sample were plated. The limit of detection was 10 CFU/ml. Error bars correspond to ± SEM of triplicate experiments.



NPN Uptake Assay

Bacterial OM permeabilization by PaP1 was assessed using a N-phenyl-1-naphthylamine (NPN; Fisher Scientific) uptake assay as previously described, with modifications (Gerits et al., 2016). Briefly, mid-log P. aeruginosa strain PAO1 were resuspended in 20 mM Tris–HCl, pH 7.2, to an OD600nm of 0.5. Using a 96-well untreated black microtiter plate (clear bottom), 100 μl bacteria were mixed with 20 μl of NPN solution (25 μM NPN final concentration) and 80 μl buffer with or without (untreated controls) PaP1 at final concentrations from 1 to 64 μg/ml (14.9 μM). The positive controls for OM permeabilization consisted of bacteria treated with 2 μg/ml polymyxin B (EMD Millipore). After 1 h at 37°C, a SpectraMax M5 microplate reader (Molecular Devices) was used to measure the increase in NPN fluorescence for each sample (excitation wavelength at 350 nm and emission at 420 nm). Data were normalized to the untreated controls. Error bars correspond to ± SEM of triplicate experiments.



SYTOX Green Uptake Assay

The structural integrity of the bacterial CM was analyzed following peptide treatment using the SYTOX Green uptake assay. This protocol was adapted from previous studies (Chen et al., 2013; Gerits et al., 2016). Briefly, mid-log P. aeruginosa strain PAO1 and S. aureus strain Newman were resuspended in 20 mM Tris–HCl, pH 7.2, to an OD600nm of either 0.5 (P. aeruginosa) or 0.3 (S. aureus). Using a 96-well untreated black microtiter plate (clear bottom), 90 μl bacteria were incubated with 10 μl SYTOX Green dye (5 μM final concentration; Invitrogen) for 30 min at room temperature in the dark. Next, an equal volume was added consisting of buffer with or without (untreated controls) PaP1 at a final concentration up to 128 μg/ml. Positive controls for CM disruption consisted of bacteria treated with 10 μg/ml melittin (EMD Millipore). After 1 h at 37°C, the microplate reader was used to measure the increase in SYTOX Green fluorescence for each sample (excitation wavelength at 485 nm and emission at 520 nm). Data were normalized to the untreated controls. Error bars correspond to ± SEM of triplicate experiments.



Cytotoxicity Assays

The hemolytic properties of PaP1 were measured as previously described, with modifications (Heselpoth et al., 2019). Briefly, human blood originating from healthy adult donors was collected in an EDTA-containing conical tube at The Rockefeller University Hospital. This study was approved by our Institutional Review Board, and all adult subjects provided written informed consent. Human red blood cells (hRBCs) were harvested by low speed centrifugation, washed three times, and resuspended in PBS, pH 7.4, to a 10% (vol/vol) concentration. Using a 96-well untreated microtiter plate, the hRBC solution was diluted 1:1 with PaP1 at final concentrations from 0.5 to 256 μg/ml. hRBCs incubated in PBS with or without 0.1% (vol/vol) Triton X-100 represented positive and negative controls for hemolysis, respectively. Following a 4-h incubation at 37°C with 5% CO2, intact hRBCs were pelleted by low speed centrifugation and the resulting supernatant was transferred to a new microtiter plate. Using the microplate reader, the OD405nm of each supernatant was measured to quantitate the relative concentration of hemoglobin released. All error bars correspond to ± SEM of triplicate experiments.

The cytotoxic effects of PaP1 on neutrophil viability were determined using a previously described method, with modifications (Heselpoth et al., 2019). The HL-60 cell line (ATCC CCL-240) was acquired from the American Type Culture Collection (ATCC). The cells were grown in RPMI 1640 medium (Gibco) supplemented with GlutaMAX (Gibco) and 10% heat-inactivated fetal bovine serum (GE Healthcare). The cells were harvested at 1,500 RPM for 5 min, washed, and resuspended in PBS. Using a 96-well untreated microtiter plate, 1 × 106 HL-60 cells were incubated with PaP1 at final concentrations from 0.5 to 256 μg/ml for 4 h at 37°C with 5% CO2. Cells incubated in PBS with or without 0.1% (vol/vol) Triton X-100 were used as positive and negative controls for cytotoxicity, respectively. At the conclusion of the incubation, neutrophil viability was measured using the CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega). The dye reagent from the assay kit was added to the samples for 4 h at 37°C. Each sample was then mixed with solubilization/stop solution and incubated overnight at 37°C. As a result of living cells converting the tetrazolium dye into a spectrophotometrically detectable formazan product, the relative number of viable neutrophils was quantitated using the microplate reader by measuring the OD570nm. All error bars correspond to ± SEM of triplicate experiments.



Murine Burn Wound Infection Model

All research protocols were approved by The Rockefeller University Institutional Animal Care and Use Committee. A mouse model of full-thickness thermal burns was used in order to evaluate the in vivo antibacterial efficacy of PaP1 for preventing and treating burn wound infections. The backs of adult female CD1 mice (6–8 weeks) were shaved with an electric razor and treated with depilatory cream to remove remaining hair. Mice were anesthetized by an intraperitoneal injection of ketamine (1.2 mg/animal) and xylazine (0.25 mg/animal). Following skin disinfection with ethanol, two burn wounds each measuring approximately 1 cm × 1 cm were created by applying two preheated (~90°C) brass rods to opposing sides of a raised dorsal skin fold for 5 s. This burning method has been previously shown to generate non-lethal, full-thickness, third-degree burns (Busch et al., 2000; Dai et al., 2009; Zhang et al., 2014). Immediately after the burn wounds were established, mice were intraperitoneally administered 0.5 ml sterile saline to prevent overt shock. Mice were randomly divided into the subsequent experimental groups in an unbiased manner.

For the prophylactic studies, 50 μl of diH2O with or without (untreated controls) 1% (wt/vol) PaP1, 0.02% or 0.2% (wt/vol) mupirocin (Sigma-Aldrich), or 1% PaP1 combined with 0.02% or 0.2% mupirocin, was topically applied to the burn wounds. Following drug absorption (~1 h), a 10 μl suspension containing 106 CFU of mid-log S. aureus strain NRS384 (MRSA) was topically applied to the eschar of each burn. At 2 h post-infection, the burn wounds were again treated as previously mentioned above. The mice were euthanized 1 h later, and the burn wounds were excised. Each skin sample was homogenized in 500 μl PBS for 1 min using a Stomacher 80 Biomaster (Seward, Ltd.). Both 100 μl and 10-fold serial dilutions of the homogenate were plated on Mannitol Salt Agar containing 4 μg/ml oxacillin in order to assess bacterial viability. Taking into consideration that both the minimum detectable CFUs per homogenate were five and the average weight of each skin sample was 0.06 g, the resulting limit of detection was approximately 102 CFU/g tissue. Horizontal bars correspond to the geometric mean.

For the treatment studies, a 10 μl suspension containing 101–102 CFU of mid-log P. aeruginosa strain NR-51517 (MDR) was applied topically to each burn wound. At 24 h post-infection, mice were anesthetized and treated topically with 50 μl of Aquaphor® with or without (untreated controls) 1% (wt/wt) PaP1, 0.1% or 1% (wt/wt) gentamicin (Fisher Scientific), or 1% PaP1 combined with 0.1% or 1% gentamicin. After 24 h of treatment, mice were euthanized and the skin samples were excised. All skin samples were homogenized in 500 μl PBS for 1 min using a Stomacher 80 Biomaster. Finally, 100 μl and 10-fold serial dilutions of the homogenate were plated on Pseudomonas Isolation Agar in order to quantitate surviving bacteria. The limit of detection was approximately 102 CFU/g tissue. Horizontal bars represent the geometric mean.



Data Analysis

GraphPad Prism 9.0 was used for statistical analysis and constructing figures. The Protein Homology/Analogy Recognition Engine 2.0 (PHYRE2; Kelley et al., 2015) was used for generating predicted structures of the PaP1 derivative peptides.




RESULTS


Antipseudomonal Activity and Structural Characteristics of PaP1 Derivative Peptides

The initial peptide candidates evaluated were derived from the P. aeruginosa lysin PlyPa01 (accession WP_058157505), which consists of 143 aa that encode a single muramidase domain (aa 7–140; Figure 1A). Similar to the A. baumannii lysin PlyF307, PlyPa01 has a putative membrane-acting C-terminal segment (aa 103–143) that has a significantly higher theoretical isoelectric point (pI) than the N-terminal segment (aa 1–102; pI values of 10.25 and 8.10, respectively), as well as a greater net charge (z; z values of +3 and +1, respectively; Gasteiger et al., 2005). Considering the full-length PlyPa01 lysin exhibits expanded antibacterial activity toward a collection of GN bacterial pathogens (Raz et al., 2019), we hypothesized that the membrane-acting properties of the C-terminal segment alone could be harnessed as a broad-spectrum antimicrobial.
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FIGURE 1. Structural characteristics and antipseudomonal activity of PaP1 derivative peptides. (A) The 143 aa P. aeruginosa lysin PlyPa01 is predicted to fold as a single globular domain that functions as a muramidase. The cationic properties associated with C-terminal segment of the lysin (aa 103–143; pI: 10.25, z = +3) are significantly greater than the N-terminal segment (aa 1–102; pI: 8.10, z = +1). (B) The HLH hairpin structures of PaP1-1 to PaP1-5, and the unstructured random coil formed by PaP1-6, were predicted using PHYRE2. Red, A133K mutation and Blue, SQ-8C sequence. (C) Far-UV circular dichroism was used to measure the secondary structure composition of each PaP1 derivative peptide at 0.1 mg/ml in 20 mM sodium phosphate, pH 7.0. Spectra were obtained from 190 to 260 nm, with the mean residue ellipticity [θ] (deg cm2 dmol−1) plotted against the wavelength (nm). (D) The bactericidal activity of each PaP1 derivative peptide was measured at either 5 or 10 μg/ml against P. aeruginosa strain PAO1 in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. Bacterial viability was quantitated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.


The C-terminal cationic segment of PlyPa01 was isolated as a peptide, termed PaP1 (
Pseudomonas aeruginosa Peptide from the PlyPa01 lysin), to assess its potential as an antimicrobial. Several PaP1-related derivative peptides, named PaP1-1 to PaP1-6, were constructed. The amino acid composition of these peptides are as followed: (1) PaP1-1 comprises the full-length C-terminal end of the PlyPa01 lysin (aa 103 to 143); (2) PaP1-2 constitutes a truncated C-terminal end of PlyPa01 (aa 103 to 133); (3) PaP1-3 contains the truncated C-terminal end of PlyPa01 with the terminal alanine residue mutated to a lysine (A133K); (4) PaP1-4 consists of the truncated C-terminal end of PlyPa01 with the C-terminal addition of the SQ-8C sequence from the hepatitis B virus core protein; (5) PaP1-5 encodes the C-terminal truncated end of PlyPa01 with the A133K mutation followed by the SQ-8C sequence; and (6) PaP1-6 comprises a scrambled sequence of PaP1-5 (22.7% sequence identity, 29.5% similarity; Table 2). A133 of PlyPa01103–133 was strategically chosen to be mutated to a lysine due to results from a sequence alignment with P307 (data not shown). Despite their shared homology (68% sequence identity, 81% similarity), one notable difference between the sequences is the terminal aa, which is a positively charged lysine for P307 and a neutral-charged alanine for PlyPa01103–133. With this in mind, the A133K mutation was introduced to PlyPa01103–133 for the purpose of increasing the general cationic properties of the peptide and, more specifically, evaluating the effect a terminal positively charged residue has on antibacterial activity. In general, the physiochemical properties of each PaP1 derivative peptide were strongly cationic (pI ≥ 10.25, z ≥ +3) and hydrophilic [Grand average of hydropathicity (GRAVY) ≤−0.351].



TABLE 2. Sequence and physiochemical characteristics of PaP1 derivative peptides.
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The PHYRE2 structural prediction algorithm revealed that PaP1-1 to PaP1-5 potentially folds into an helix–loop–helix (HLH) hairpin structure, while PaP1-6 (scrambled PaP1-5) is predicted to form a random coil (Figure 1B). Since HLH structures are common motifs found in membrane-active molecules (Ibrahim et al., 2001), far-UV circular dichroism was used to experimentally determine the secondary structure composition of each peptide in sodium phosphate buffer, pH 7.0. For each peptide, the collective far-UV spectra had an ellipticity minima centered around 200 nm (Figure 1C), indicative of random coiled proteins lacking secondary structure. In general, α-helical AMPs are typically unstructured in aqueous solutions but ultimately adopt an amphipathic helical structure upon interacting with its target membrane (Yeaman and Yount, 2003; Pasupuleti et al., 2012).

Using a 1-h killing assay, each PaP1 derivative at 5 and 10 μg/ml was incubated with P. aeruginosa to evaluate the effect of each modification on bactericidal activity. The full-length PaP1-1 peptide was ineffective at both concentrations assayed (Figure 1D). Truncating the peptide increased activity, with PaP1-2 reducing bacterial viability 1.2 log10-fold at 10 μg/ml. Modifying the truncated peptide with the A133K mutation (PaP1-3) or the C-terminal addition of the SQ-8C sequence (PaP1-4) further enhanced activity. At 10 μg/ml, PaP1-3 decreased bacterial counts below the limit of detection (10 CFU/ml), while PaP1-4 decreased viability 2.8 log10-fold. Simultaneously incorporating both the A133K and SQ-8C peptide modifications additively increased the bactericidal potency of the resulting PaP1-5 peptide. Compared to PaP1-3 (2.4 log10-fold kill) and PaP1-4 (1.3 log10-fold kill) at 5 μg/ml, PaP1-5 reduced pseudomonal viability 4.0 log10-fold. Interestingly, scrambling the primary sequence of PaP1-5 yielded a peptide (PaP1-6) that retains bactericidal activity at 10 μg/ml. While this indicates that the aa composition alone is sufficient for antibacterial activity, the defined aa order (i.e., primary sequence) of PaP1-5 is required for optimal killing efficiency. Findings from this comparative analysis showed that derivative peptide PaP1-5 (referred to hereinafter as PaP1) was the most potent and therefore was further evaluated.



Bactericidal Activity of Additional Lysin-Derived Peptide Candidates

In addition to PlyPa01, several other broad-acting P. aeruginosa lysins have been recently described that comprise a cationic C-terminal segment that is potentially membrane-acting (Raz et al., 2019). A sequence alignment with PlyPa01103–133 identified the following C-terminal segments from the lysins PlyPa91 (accession CRR10611), PlyPa96 (accession WP_019681133) and PlyPa103 (accession AQZ96894; unpublished) as peptide candidates: PlyPa91113–144, PlyPa96121–162 and PlyPa103137–172. Similar to PaP1, the C-terminal neutral-charged aa of each peptide candidate was mutated to a positively charged lysine and the SQ-8C sequence was added to the C-terminal end. The final modified peptides were labeled as PaP91 (originating from PlyPa91), PaP96 (originating from PlyPa96) and PaP103 (originating from PlyPa103; Table 3). Like the PaP1 derivative peptides, the physiochemical properties associated with the PaP91, PaP96 and PaP103 peptides were highly cationic (pI ≥ 9.50, z ≥ +4) and hydrophilic (GRAVY ≤−0.934).



TABLE 3. List of peptide candidates originating from broad-acting Pseudomonas lysins.
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The bactericidal activity of each peptide was initially assayed at 10 μg/ml against the P. aeruginosa reference strain PAO1. Like PaP1, PaP96 reduced bacterial viability below the limit of detection (Figure 2A). Alternatively, both PaP91 and PaP103 had only modest antipseudomonal activity (≤1 log10-fold kill). The ineffectiveness of PaP91 and PaP103 resulted in the two peptides being eliminated from future studies. The bactericidal properties of PaP1 and PaP96 were further investigated at 10 μg/ml against a collection of nine P. aeruginosa clinical isolates. PaP1 reduced the viability of each isolate below the limit of detection, while PaP96 activity was highly variable and strain-dependent (Figure 2B). PaP96 was only bactericidal, which is defined as ≥3 log10-fold killing, toward P. aeruginosa strains 446 and 449. The collective results from these in vitro studies indicate PaP1 has superior antibacterial properties when compared to the other peptide candidates.
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FIGURE 2. Comparison of the antipseudomonal potency of PaP1 to additional lysin-derived peptide candidates. (A) The bactericidal activity of peptide candidates PaP1 (i.e., PaP1-5), PaP91, PaP96 and PaP103 at 10 μg/ml was assayed against P. aeruginosa strain PAO1 in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. (B) The antipseudomonal properties of PaP1 and PaP96 at 10 μg/ml were further measured against nine P. aeruginosa clinical isolates. Bacterial viability was quantitated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.




Bactericidal and Biochemical Properties of PaP1

The bactericidal characteristics of PaP1 were elucidated in vitro against P. aeruginosa strain PAO1. Bacterial sensitivity to the peptide was initially examined as a function of growth phase. Results from a 1 h killing assay showed that PaP1 was bactericidal regardless of growth phase, although log-phase bacteria were more susceptible than stationary phase (≥5 log10-fold vs. 4.3 log10-fold kill; Figure 3A). Next, a series of dose–response experiments were performed in order to evaluate the antipseudomonal potency of PaP1. The killing efficiency of the peptide was dose-dependent when treating either planktonic (Figure 3B) or biofilm-state P. aeruginosa (Figure 3C), with PaP1 concentrations as low as 2 and 16 μg/ml exhibiting log10-fold killing, respectively. Additionally, data obtained from a 30 min time-kill assay revealed the peptide exhibits rapid bacterial killing kinetics. PaP1 at 10 μg/ml sterilized a 106 CFU/ml culture of P. aeruginosa within 5 min (Figure 3D). These collective experimental findings show PaP1 is bactericidal in a growth phase-independent manner and kills on contact.
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FIGURE 3. In vitro bactericidal properties of PaP1. (A) To elucidate the effect bacterial growth phase has on peptide sensitivity, PaP1 at 10 μg/ml was incubated with either mid-log or stationary phase P. aeruginosa in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. (B) Dose–response killing assays were used to evaluate the antipseudomonal potency of PaP1 at concentrations ranging from 0.125 to 128 μg/ml toward planktonic Pseudomonas in buffer for 1 h at 37°C. (C) The antibiofilm properties of PaP1 were measured in vitro against P. aeruginosa biofilms grown for 24 h on plastic pegs located on the lid of an MBEC Biofilm Inoculator plate. Peptide concentrations of 1–256 μg/ml were incubated with the mature biofilms in buffer for 2 h at 37°C. Biofilm-state bacteria were eluted from the plastic pegs using a water bath sonicator. GC, growth control and SC, sterility control. (D) A time-kill assay was used to analyze the killing kinetics of PaP1 at 10 μg/ml against P. aeruginosa. For the 30 min experiment, bacterial viability was determined in buffer every 5 min at 37°C. (E) The killing efficiency of PaP1 was evaluated as a function of bacterial concentration. P. aeruginosa at 106–108 CFU/ml were treated for 1 h in buffer with PaP1 at concentrations ranging from 10 to 1,000 μg/ml. The CFU/ml concentration of viable bacteria for each experiment was quantitated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.


The killing efficiency of PaP1 was subsequently analyzed against varying concentrations of bacteria. Using a 1 h killing assay, PaP1 concentrations from 10 to 1,000 μg/ml were used to treat P. aeruginosa cultures at 106–108 CFU/ml. As shown previously, PaP1 at 10 μg/ml was bactericidal toward Pseudomonas at 106 CFU/ml (Figure 3E). When increasing the bacterial concentration to 107 and 108 CFU/ml, 10- and 100-fold more peptide was required for bactericidal activity, respectively.

Next, the biochemical characteristics of PaP1 were assessed. With regards to temperature dependence for antibacterial activity, the activity of the peptide was unaffected at each temperature tested. PaP1 decreased the number of viable P. aeruginosa below the limit of detection at temperatures ranging from 4°C to 37°C (Figure 4A). The thermal stability of the peptide was also studied. Following 30 min of heat treatment from 4°C (unheated control) to 123°C, the residual antipseudomonal activity of PaP1 at 10 μg/ml was measured using a 1 h killing assay. The unheated control and all temperature-treated peptide samples were capable of lowering bacterial viability below the limit of detection, thereby indicating PaP1 is highly thermostable (Figure 4B). This result was not unexpected given the unstructured nature of the peptide in aqueous solutions (Figure 1C).
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FIGURE 4. Biochemical characteristics of PaP1. (A) The ability of PaP1 to kill bacteria at different temperatures was evaluated by incubating the peptide at 10 μg/ml with P. aeruginosa in 20 mM Tris–HCl, pH 7.2, for 1 h at temperatures ranging from 4°C to 37°C. (B) The thermal stability of PaP1 was assayed by heating the peptide at 100 μg/ml in PBS, pH 7.4, for 30 min at temperatures ranging from 4°C (unheated control) to 123°C. Following cooling on ice, the heat-treated peptide samples were incubated at 10 μg/ml with P. aeruginosa in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C in order to measure residual activity. (C) For measuring the effect pH has on bactericidal activity, PaP1 at 25 μg/ml was incubated with P. aeruginosa in 25 mM acetate (pH 5), MES (pH 6), Tris–HCl (pH 7 and 8), CHES (pH 9) and CAPS buffer (pH 10) for 1 h at 37°C. (D) The effect salt has on the activity of the peptide was determined by incubating PaP1 at 25 μg/ml with P. aeruginosa in 20 mM Tris–HCl, pH 7.2, supplemented with 0–500 mM NaCl for 1 h at 37°C. The CFU/ml concentration of viable bacteria were enumerated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.


PaP1 activity was subsequently measured as a function of pH and salt. For the experiments evaluating the pH sensitivity of the peptide, PaP1 reduced the number of viable Pseudomonas below the limit of detection in aqueous buffers at pH 7–10 and was bactericidal at pH 6 (Figure 4C). PaP1 activity was inhibited in more acidic environments, with the peptide only capable of lowering bacterial counts 0.5 log10-fold at pH 5. In an independent set of experiments assaying PaP1 activity in varying salt concentrations, the peptide decreased P. aeruginosa viability below the limit of detection in NaCl concentrations less than 100 mM (Figure 4D). However, PaP1 lacked bactericidal activity in the presence of ≥100 mM NaCl.



Activity in Serum and Lung Surfactant

P. aeruginosa is one of the predominant microorganisms that cause nosocomial bloodstream infections (BSIs), with mortality rates exceeding 20% (Micek et al., 2005). To evaluate the potential use of the peptide for treating systemic infections, the in vitro antipseudomonal activity of PaP1 was measured in HuS. Results from a 1 h killing assay revealed that peptide activity at 25 μg/ml was hindered by serum components, with low concentrations of HuS (≥3.1%) being inhibitory (Figure 5A). Therefore, in its current form, PaP1 would not be a suitable therapeutic option for treating BSIs.
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FIGURE 5. Bacterial killing by PaP1 in the presence of serum and lung surfactant. The sensitivity of PaP1 activity to HuS and lung surfactant was assessed by treating P. aeruginosa with the peptide at 25 μg/ml in either (A) 0–100% inactivated HuS or (B) 0–50% beractant (Survanta) for 1 h at 37°C, with 20 mM Tris–HCl, pH 7.2, being used as the diluent. Bacterial viability was quantitated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.


P. aeruginosa is also notably the most common GN pathogen that causes nosocomial pneumonia, a disease with a mortality rate ranging from 13% to 50% (Melsen et al., 2013; Nathwani et al., 2014; Kalil et al., 2016; Kizny Gordon et al., 2017). The surface of the lungs is covered in lung surfactant, which is a mixture of phospholipids and proteins produced by type II alveolar cells used to lower surface tension (Daniels and Orgeig, 2003; Bernhard, 2016). As such, we analyzed the antibacterial activity of PaP1 in this complex environment to simulate conditions observed in the lungs. More specifically, P. aeruginosa were treated with the peptide in beractant (Survanta), which is a modified bovine lung surfactant that mimics the composition and surface–tension-lowering properties of natural lung surfactant. PaP1 exhibited log10-fold killing of Pseudomonas in Survanta concentrations up to 6.3% and was inhibited at concentrations ≥12.5% (Figure 5B). Similar results were obtained when testing the peptide in human bronchoalveolar lavage (BAL) fluid (data not shown). In terms of therapeutic applicability, these findings indicate PaP1 would be more effective for topical applications.



Antibacterial Activity Range

The antibacterial activity of PaP1 at 25 μg/ml was evaluated in vitro against an extensive number of GP and GN bacterial pathogens using a series of 1 h killing assays (Figure 6). The peptide was initially tested against 28 P. aeruginosa strains, including ten MDR clinical isolates, and six additional Pseudomonas species. PaP1 was bactericidal against all Pseudomonas strains tested (Figure 6A). With the exception of P. aeruginosa strain AR472, PaP1 reduced the number of viable bacteria below the limit of detection.
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FIGURE 6. Antibacterial activity range of PaP1. The antibacterial activity of PaP1 was analyzed against (A) Pseudomonas, (B) non-pseudomonal GN or (C) GP bacterial species by treating the log-phase bacteria with peptide at 25 μg/ml in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. The CFU/ml concentration of surviving bacteria was enumerated following serial dilution and plating. Error bars correspond to ± SEM of triplicate experiments.


These studies were expanded to other GN bacterial pathogens, such as A. baumannii, P. mirabilis, Serratia marcescens, and Enterobacteriaceae, such as Citrobacter freundii, Enterobacter spp., E. coli, Klebsiella pneumoniae, Salmonella and Shigella spp. Other than S. marcescens and Salmonella, PaP1 was bactericidal against all GN species investigated, including antibiotic-resistant strains (Figure 6B). Notable antibiotic-resistant GN bacteria evaluated include MDR and carbapenem-resistant (CRAB) A. baumannii, extended-spectrum beta-lactamase (ESBL) E. coli, and carbapenem-resistant Enterobacteriaceae (CRE), such as Enterobacter aerogenes, Enterobacter cloacae and K. pneumoniae. For S. marcescens and Salmonella, the peptide still exhibited log10-fold killing of both bacterial species.

PaP1 activity was subsequently assayed against clinically relevant GP bacterial pathogens, such as Bacillus anthracis, C. difficile, Enterococcus spp., Listeria monocytogenes, S. aureus and Streptococcus spp. PaP1 was bactericidal against all GP bacteria examined, including antibiotic-resistant strains like vancomycin-resistant Enterococcus (VRE) and methicillin-resistant S. aureus (MRSA; Figure 6C). With the exception of enterococcus and pneumococcus, both of which were killed multi-log10-fold, the peptide reduced bacterial viability below the limit of detection (~≥5 log10-fold killing), collectively indicating that PaP1 is a broad-spectrum antimicrobial.



Bactericidal Activity Toward a Polymicrobial Bacterial Population

Seeing as PaP1 displayed broad-spectrum in vitro activity against numerous bacterial cultures containing a single species of bacteria, the effectiveness of the peptide was analyzed next against a polymicrobial culture. The mixture of bacteria tested consisted of MRSA and MDR strains of A. baumannii and P. aeruginosa, each of which was isolated from human wounds. These three bacterial species are among the most common types that cause burn wound infections (Chen et al., 2020). A polymicrobial culture comprising ~105–106 CFU/ml of each bacterial species was treated with PaP1 at 50 μg/ml. Following treatment for 1 h at 37°C, PaP1 reduced the number of each species below the limit of detection (Figure 7). Based on these findings, PaP1 is expected to retain potent bactericidal activity in polymicrobial environments.
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FIGURE 7. Bactericidal activity of PaP1 toward a polymicrobial culture of antibiotic-resistant human wound isolates. The effectiveness of PaP1 in a polymicrobial setting was evaluated by simultaneously treating mid-log A. baumannii strain NR-17783 (MDR) P. aeruginosa strain NR-17783 (MDR), and S. aureus strain NRS384 (MRSA) with the peptide at 50 μg/ml in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. The bacteria were serial diluted and plated on selective agar in order to assess viability. Error bars correspond to ± SEM of triplicate experiments.




Antibacterial Mode of Action

Considering that the C-terminal cationic segment of PlyPa01 is putatively membrane-acting, we hypothesized that PaP1 kills bacteria via membrane disruption. To confirm this, the integrity of the bacterial OM and/or CM were assayed following treatment with PaP1. First, the NPN uptake assay was used to measure the permeability of the OM of P. aeruginosa in the presence of increasing concentrations of peptide. The hydrophobic fluorophore NPN, which is generally excluded from the bacterial cell, is incorporated into the phospholipid bilayer of the OM when damaged, resulting in increased fluorescence intensity. The membrane-acting antibiotic polymyxin B was used as a positive control for OM permeabilization. Data from these experiments suggest the PaP1 peptide increases the permeability of the OM in a dose-dependent manner (Figure 8A).
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FIGURE 8. Microbial membrane permeabilization caused by PaP1. The proposed membrane-acting antibacterial mode of action utilized by PaP1 was evaluated using assays that measure membrane integrity. (A) The effect of increasing concentrations of PaP1 on the permeability of the bacterial OM was quantitated using the NPN uptake assay. P. aeruginosa were treated with peptide concentrations from 1 to 64 μg/ml in 20 mM Tris–HCl, pH 7.2, containing 25 μM of the hydrophobic fluorophore NPN for 1 h at 37°C. NPN fluorescence, which increases upon integration into the OM, was measured using an excitation wavelength at 350 nm and emission at 420 nm. Polymyxin B at 2 μg/ml was used as a positive control for OM permeabilization. (B) The structural integrity of the CM for either P. aeruginosa (left) or S. aureus (right) was elucidated in the presence of PaP1 at concentrations from either 4 to 32 μg/ml (P. aeruginosa) or 8 to 128 μg/ml (S. aureus) using the SYTOX Green uptake assay. Bacteria were initially pretreated with 5 μM of SYTOX Green dye and then subsequently treated with PaP1 in 20 mM Tris–HCl, pH 7.2, for 1 h at 37°C. Dye fluorescence, which increases after the dye bypasses compromised membranes to bind DNA, was measured using an excitation wavelength at 485 nm and emission at 520 nm. Melittin at 10 μg/ml was used as a positive control for CM disruption. Data were normalized to the untreated controls. Error bars correspond to ± SEM of triplicate experiments. RFU, relative fluorescence units.


The integrity of the CM was assayed for PaP1-treated P. aeruginosa and S. aureus using the SYTOX Green uptake assay. SYTOX Green is a membrane impermeant, DNA binding dye. Although blocked by intact membranes, the dye easily penetrates through compromised membranes to interact with DNA, as indicated by a significant increase in fluorescence. The pore-forming cationic peptide melittin, the active compound in bee venom known to damage the CM of bacteria, served as a positive control (Raghuraman and Chattopadhyay, 2007). Treatment with PaP1 disrupted the CM of both P. aeruginosa (Figure 8B, left) and S. aureus (Figure 8B, right) in a concentration-dependent manner. Four-fold more peptide was required to obtain a similar degree of CM damage for S. aureus when compared to P. aeruginosa. Altogether, these results strongly support the hypothesis that PaP1 kills bacteria via membrane disruption.



Cytotoxicity Toward Human Cells

To determine the effect of PaP1 on mammalian cells, the peptide was incubated with hRBCs at concentrations up to 256 μg/ml in PBS for 4 h. Hemolysis, as a function of hemoglobin release, was measured spectrophotometrically following the removal of intact hRBCs. Triton X-100 and buffer served as respective positive and negative controls for hemolysis. Similar to the buffer-treated cells, hRBCs were unaffected by PaP1 at all concentrations tested (Figure 9A).
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FIGURE 9. PaP1 cytotoxicity toward human cells. (A) hRBCs from healthy donors were incubated with PaP1 concentrations from 0.5 to 256 μg/ml in PBS for 4 h at 37°C in 5% CO2. Following the removal of intact hRBCs, the relative concentration of hemoglobin released in each sample supernatant was quantitated by measuring the absorbance at OD405nm. As controls for hemolysis, hRBCs were incubated in buffer with (positive control) or without 0.1% Triton X-100 (negative control). (B) HL-60 neutrophils were incubated with PaP1 concentrations from 0.5 to 256 μg/ml in PBS for 4 h at 37°C in 5% CO2. Next, the tetrazolium substrate was added for 4 h. Each sample was then mixed with solubilization/stop solution and incubated overnight at 37°C. The absorbance at OD570nm was measured in order to quantitate the relative concentration of formazan product generated by live cells. As controls for cytotoxicity, neutrophils were incubated in buffer with (positive control) or without 0.1% Triton X-100 (negative control). Error bars correspond to ± SEM of triplicate experiments.


Findings from the hemolytic assay were further validated upon measuring the cytotoxic effect PaP1 has toward neutrophils. HL-60 neutrophils were incubated with PaP1 at concentrations up to 256 μg/ml in PBS for 4 h. Using a cell proliferation assay, the relative number of viable cells were quantitated due to their ability to convert tetrazolium into a spectrophotometrically detectable formazan product. Triton X-100 and buffer represented positive and negative controls for cytotoxicity, respectively. Unlike the Triton X-100 samples, the relative number of viable neutrophils observed in the buffer- and peptide-treated samples were highly comparable across all peptide concentrations tested (Figure 9B). The lack of cytotoxicity toward the human cells tested suggests that PaP1 exhibits selective activity toward prokaryotic membranes only.



In vivo Antibacterial Efficacy of PaP1 using a Murine Burn Wound Model

Results from our in vitro studies show that PaP1 may be optimally suited for topical applications, such as treating burn wound infections. While these infections may be polymicrobial, high priority bacterial pathogens, such as S. aureus and P. aeruginosa, tend to predominate (Pastar et al., 2013). To this end, the antistaphylococcal and antipseudomonal efficacy of PaP1 was evaluated in vivo using a murine burn wound model of disease. In the first set of experiments (Prophylactic model), 1% (wt/vol) PaP1, 0.02% or 0.2% (wt/vol) mupirocin, or a combination of the two drugs were administered topically in diH2O as a prophylactic to murine third-degree burn wounds. diH2O was applied to the wounds of the untreated controls. One hour after drug application, the wounds were infected with 106 CFU of MRSA strain NRS384 (i.e., strain USA300; human wound isolate), followed by a second dose of drugs 2 h post-infection. Mice were then sacrificed 3 h post-infection, and wounds were excised for bacterial counts. Compared to the untreated control (~106 CFU/g tissue), PaP1 and mupirocin alone reduced MRSA viability 1.1–1.2 log10-fold (Figure 10A). A significantly more pronounced antistaphylococcal effect was observed when the two drugs were used in combination. The combination of 1% PaP1 and 0.02% mupirocin reduced bacterial counts 3.5 log10-fold, whereas 1% PaP1 with 0.2% mupirocin decreased MRSA viability below the limit of detection (≥4 log10-fold kill). Notably, the two concentrations of mupirocin evaluated in this study were 10- and 100-fold lower than the 2% concentration used clinically for topically treating chronic wound infections caused by S. aureus (Lipsky and Hoey, 2009).

[image: Figure 10]

FIGURE 10. Bacterial clearance by PaP1 in a murine burn wound infection model. (A) For the in vivo prophylactic studies, third-degree burns on mice were pretreated with either diH2O only (n = 28) or diH2O supplemented with 1% PaP1 (n = 28), 0.2% (n = 20) or 0.2% mupirocin (n = 20), or a combination therapy comprising 1% PaP1 with 0.02% (n = 16) or 0.2% mupirocin (n = 16). After 1 h, burn wounds were subsequently infected with 106 CFU of MRSA and then treated 2 h later with a single drug dose. At 3 h post-infection, burn wounds were processed in order to determine the CFU/g tissue concentration of viable bacteria. Statistically significant differences were noted between the untreated control and either 1% PaP1 (p = 0.001), 0.02% mupirocin (p = 0.001), 1% PaP1 with 0.02% mupirocin (p = 0.002), 0.2% mupirocin (p = 0.001), or 1% PaP1 with 0.2% mupirocin (p = 0.002) using an ordinary one-way ANOVA, multiple comparisons, uncorrected Fisher LSD test. (B) For the in vivo treatment studies, third-degree burns on mice were infected with 101–102 CFU of MDR P. aeruginosa (left). At 24 h post-infection, the infected wounds were treated with either Aquaphor only (n = 18) or Aquaphor formulated with 1% PaP1 (n = 20). Statistically significant differences were shown between the untreated control and 1% PaP1 (p = 0.011) using a Mann–Whitney test. (right) For studies utilizing the combination therapy consisting of PaP1 and gentamicin, burn wounds colonized with about 100-fold more bacteria were treated with Aquaphor only (n = 20) or Aquaphor formulated with either 1% PaP1 (n = 23), 0.1% (n = 20) or 1% gentamicin (n = 20), or a combination therapy of 1% PaP1 with 0.1% (n = 20) or 1% gentamicin (n = 20). All burn wounds were processed at 24 h post-treatment in order to determine the CFU/g tissue concentration of viable bacteria. Statistically significant differences were highlighted between the untreated control and either 1% PaP1 with 0.1% gentamicin (p = 0.005), 1% gentamicin (p = 0.005), or 1% PaP1 with 1% gentamicin (p = 0.005) using an ordinary one-way ANOVA, multiple comparisons, uncorrected Fisher LSD test. The limit of detection was approximately 102 CFU/g tissue. Horizontal lines represent the geometric mean. Significance levels are depicted as followed: *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001.


In a related set of experiments (Therapeutic model), the therapeutic potential of PaP1 was assessed with regards to treating an established burn wound infection caused by P. aeruginosa. For these animal studies, murine third-degree burns were initially infected with 101–102 CFU of MDR P. aeruginosa strain NR-51517 (human wound isolate). At 24 h post-infection, each wound containing an established bacterial infection was treated topically with a single dose of either Aquaphor only (untreated controls) or Aquaphor formulated with 1% (wt/wt) PaP1. Bacterial counts in the control wounds 24 h post-treatment were ~106 CFU/g tissue (Figure 10B, left). Treatment with PaP1 in Aquaphor reduced bacterial counts 2.2 log10-fold.

Subsequent in vivo experiments were performed in order to investigate the efficacy of a PaP1 and gentamicin combination therapy for treating established P. aeruginosa burn wound infections. In the previous studies, 1% PaP1 lowered bacterial viability below the limit of detection for 40% (8/20) of the skin samples (Figure 10B, left). To decrease the sensitivity of Pseudomonas to the peptide in order to assess the effectiveness of the combination therapy, the number of bacteria colonizing each murine burn wound was increased ~100-fold. Murine third-degree burn wounds infected with MDR P. aeruginosa were then treated topically 24 h post-infection with either Aquaphor only (untreated controls) or Aquaphor formulated with 1% (wt/wt) PaP1, 0.1% or 1% (wt/wt) gentamicin, or a combination of the two drugs. Bacterial counts observed for wounds treated with a 1% PaP1 or 0.1% gentamicin monotherapy were comparable to those observed for the Aquaphor-treated controls (~108 CFU/g tissue), while 1% gentamicin decreased the bacterial load 1.3 log10-fold (Figure 10B, right). A combination therapy was more effective than using a monotherapy. Treatment using 1% PaP1 with 0.1% gentamicin reduced pseudomonal viability 1.3 log10-fold, whereas 1% PaP1 combined with 1% gentamicin exhibited 3.1 log10-fold killing. Data obtained from these studies indicate that PaP1 can potentially be developed and formulated as an effective prophylactic and/or therapeutic for both GP and GN burn wound infections.




DISCUSSION

Bacterial infections are the leading cause of mortality in patients with burn wounds, with 75% of all burn-related deaths resulting from infection (Maslova et al., 2021). Treating these infections is further complicated by the increasing prevalence of antibiotic-resistant strains. For example, a single-center study from 2008 to 2012 reported that 33.8%, 90.8% and 82% of Pseudomonas spp., A. baumannii and S. aureus isolates causing hospital-acquired infections were MDR, respectively (Weber et al., 2014). To overcome this challenge, we propose using membrane-acting cationic peptides originating from highly evolved GN phage lysins as alternative therapeutics for treating topical bacterial infections. This strategy is formulated in accordance with previous findings of a lysin-derived peptide, P307SQ-8C, exhibiting log10-fold killing of MDR A. baumannii in a skin infection model of disease (Thandar et al., 2016). These cationic peptides can theoretically be engineered as an effective standalone or adjunctive therapy that broadly eliminates prominent bacterial pathogens from the skin without harming bystander eukaryotic cells.

The lead peptide candidate from our studies, PaP1, originates from the PlyPa01 lysin of P. aeruginosa (Figure 1A). This peptide was constructed with three modifications: (a) the C-terminal membrane-acting segment of PlyPa01 was isolated and truncated to improve its cationic properties, (b) the resulting C-terminal neutral-charged alanine residue was mutated to a positively charged lysine to increase the net charge, and (c) the SQ-8C sequence from the hepatitis B virus core protein was added to the C-terminal end, a modification that was shown previously to enhance the antibacterial potency of such peptides (Table 2; Thandar et al., 2016). Each independent alteration incrementally increased the killing efficiency of the peptide toward P. aeruginosa (Figure 1D) and ultimately other pathogens (Figure 6).

Results from the NPN and SYTOX Green uptake assays revealed the general antibacterial mode of action used by PaP1 is membrane disruption (Figure 8). This is further supported by the understanding that PaP1 kills bacteria on contact (Figure 3D). In general, membrane-acting AMPs rapidly kill bacteria, whereas AMPs and antibiotics targeting intracellular components exhibit slower killing kinetics (Schneider et al., 2010). Similar to cationic AMPs, PaP1 was unstructured in aqueous solution (Figure 1C), but is expected to fold into an amphipathic HLH structure upon interacting with the bacterial membrane due to the hydrophobic residues (Figure 1B). This would consequently allow the peptide to integrate into and/or traverse the membrane. Following the initial electrostatic interaction with the bacterial surface, it remains elusive how the peptide mechanistically damages the bacterial membrane. For GN bacteria, some cationic peptides bind surface LPS and displace stabilizing divalent cations that are essential for OM structural integrity (Friedrich et al., 2000). These events permeabilize the OM and allow the peptide to travel through the thin peptidoglycan layer to consequently access the CM. For GP bacteria, cationic peptides can diffuse through the nano-sized pores of the thicker peptidoglycan in order to electrostatically interact the anionic lipoteichoic acids and phospholipids located on the CM (Meroueh et al., 2006; Omardien et al., 2016). Following accumulation on the surface, cationic peptides generally disrupt the CM by either (a) forming barrel-like bundles in the membrane to generate amphipathic pores (barrel-stave model), (b) generating carpet-like clusters aligned in parallel on the surface, causing the membrane to collapse into micelle-like structures (carpet model), or (c) creating peptide–lipid lined pores (toroidal pore model; Seo et al., 2012). The linear correlation between bacterial concentration and the antibacterial potency of PaP1 could indicate that the interaction between the peptide and bacterial membrane is irreversible (Figure 3E).

PaP1 displayed in vitro bactericidal activity toward numerous bacterial pathogens of clinical importance, including monospecies (Figure 6) and polymicrobial populations (Figure 7) constituting antibiotic-resistant isolates. Importantly, each of the ESKAPE pathogens (Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter spp.) were highly sensitive to the peptide. Planktonic and biofilm bacteria were susceptible to PaP1, although an eight-fold higher concentration was required for the latter to achieve comparable killing efficiency (Figures 3B,C). Nonetheless, the broad-spectrum bactericidal activity of PaP1 coupled with its ability to kill biofilm-state bacteria implicates the peptide as a therapeutic for non-systemic monospecies and mixed-species biofilms. Moreover, the peptide could also potentially be used in healthcare settings for disinfecting surgical devices prior to implantation.

For PaP1, the absence of cytotoxicity toward eukaryotic cells (Figure 9) could be explained by differences in membrane composition when compared to prokaryotes. Bacterial membranes are decorated with anionic phospholipids, while eukaryotic membranes contain cholesterol and zwitterionic phospholipids (Glukhov et al., 2005). The cationic properties of PaP1 could permit selective electrostatic interactions with the negatively charged surface of microbial membranes only. The hypothesis that adsorption of PaP1 to the bacterial membrane appears to be electrostatically driven is supported by the direct correlation between the charge of the peptide and antibacterial activity (Table 2; Figure 1D), as well as salt sensitivity (Figure 4D).

As observed with PaP1, the bactericidal activity of AMPs can be inhibited by the presence of salt and serum. Salt can influence the structure of the peptides and their ability to interact with the anionic bacterial cell surface (Javadpour and Barkley, 1997). Moreover, cationic AMPs generally exhibit high affinity for serum proteins, decreasing the concentration of peptide available for eliminating bacteria (Li et al., 2017). Therefore, it was not unexpected to observe salt (Figure 4D) and serum sensitivity (Figure 5A) associated with PaP1. However, this limitation may be overcome by introducing additional modifications to the peptide. For instance, synthetic α-helical peptides have been engineered to be salt-insensitive by optimizing the amphipathicity and stability of the α-helix (Friedrich et al., 1999; Park et al., 2004). Also, end-tagging AMPs with short hydrophobic oligopeptides have been shown to increase antibacterial activity in physiological salt and serum (Pasupuleti et al., 2009; Schmidtchen et al., 2009). Preliminary findings indicate that adding the WWWWW oligopeptide to the C-terminal end of PaP1 decreases salt sensitivity, with the modified peptide capable of killing P. aeruginosa at physiological salt concentrations (data not shown).

One of the greatest challenges in treating bacterial infections in burn units is their resistance to small molecule antibiotics, which is further complicated by the lack of new antimicrobial agents currently being developed. In addition to A. baumannii, the most common microorganisms isolated from burn wound infections are S. aureus and P. aeruginosa (van Langeveld et al., 2017). When applied to a full-thickness murine burn wound, the prophylactic use of PaP1 as a standalone treatment decreased MRSA colonization (Figure 10A). However, the antistaphylococcal effect of the peptide was amplified when used in combination with mupirocin. Supplementing 1% PaP1 with 0.02% mupirocin was bactericidal and lowered the bacterial concentration on the skin more than 2 log10-fold below the critical concentration threshold of 105 CFU/g tissue, which is estimated to be the microbial load required to establish both acute and chronic skin infections (Bowler et al., 2001). Furthermore, combining 1% PaP1 with 0.2% mupirocin prevented any detectable MRSA from colonizing the burn wound.

A topical therapy consisting of PaP1 with or without gentamicin was also effective at treating established burn wound infections consisting of MDR P. aeruginosa. A single dose of 1% PaP1 reduced pseudomonal viability in the burn wounds from 106 to less than 104 CFU/g tissue (Figure 10B, left). In a subsequent series of experiments evaluating the efficacy of a PaP1 and gentamicin combination therapy, using bacterial concentrations significantly higher than those normally observed in burn wounds (~108 CFU/g tissue) resulted in monotherapies consisting of either 1% PaP1 or 0.1% gentamicin being largely ineffective (Figure 10B, right). As shown in vitro, the sensitivity of P. aeruginosa to PaP1 is directly influenced by the bacterial concentration (Figure 3E). With 100-fold more bacteria colonizing the eschar in these studies, higher peptide concentrations would be required to obtain the same degree of killing efficiency as observed in the initial treatment experiments. An adjunctive therapy comprising PaP1 with a standard of care antibiotic can serve as an alternative strategy to increasing peptide concentration. This was exemplified by the antibacterial effect observed when applying 1% PaP1 and 0.1% gentamicin in combination to the established burn wound infections. A similar observation was made when increasing the gentamicin concentration. Compared to 1% gentamicin alone (1.3 log10-fold kill), combining 1% PaP1 with 1% gentamicin significantly improved antipseudomonal potency (3.1 log10-fold kill). Thus, the combination of PaP1 with standard of care antibiotics improves antibacterial efficacy and can prevent toxicity and other side effects associated with high doses of single drugs.

When formulated with PaP1, the increased in vivo potency of mupirocin and gentamicin, two antibiotics currently used for topical antibacterial treatment (Lipsky and Hoey, 2009; Thapa et al., 2021), could be the result of the peptide permeabilizing the bacterial membrane. This would stimulate the rapid intracellular accumulation of the antibiotic and easier access to their cytosolic targets (isoleucyl-tRNA synthetase for mupirocin, 30S ribosomal subunit for gentamicin). Moreover, since these antimicrobials employ two unique antibacterial modes of action, membrane disruption for PaP1 and protein synthesis inhibition for the antibiotics, we predict a low frequency of resistance formation to either antimicrobial when used in combination.

Optimization of both dosage regimen and drug delivery could improve the antibacterial potency of a PaP1 monotherapy. For example, to simulate other treatment protocols implemented in healthcare settings, multiple doses of PaP1 could be topically applied to the infected burn wounds instead of the single treatment dose used here. Additionally, optimal formulations of PaP1 (i.e., by spray, gel or cream) would enable the efficient delivery and retention of the peptide at the site of infection.

In summary, we engineered a lysin-derived cationic peptide, termed PaP1, with broad-spectrum antibacterial activity against prominent bacterial pathogens, including both the ESKAPE pathogens and those found predominantly in burn wound infections. PaP1 displayed rapid in vitro bactericidal activity toward planktonic and biofilm-state bacteria, with the peptide killing bacteria on contact through membrane disruption. Although membrane-acting, the peptide selectively targets prokaryotic membranes and thus does not harm human cells. Considering the inhibitory effects of serum, lung surfactant, and high salt concentrations, the therapeutic use of the peptide is best suited for topical applications. Topical PaP1 was quite effective at reducing colonization of MRSA and established MDR P. aeruginosa infections in murine burn wound models of disease and improved the standard of care when utilized as an adjunctive therapy with antibiotics. Although still in the preclinical development stage, these initial collective results substantiate PaP1 as a potential standalone or adjunctive therapeutic for both the prevention and treatment of polymicrobial skin infections.
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Hepcidin is a small peptide composed of signal peptide, propeptide, and the bioactive mature peptide from N terminal to C terminal. Mature hepcidin is an antibacterial peptide and iron regulator with eight highly conserved cysteines forming four intramolecular disulfide bonds, giving it a β sheet hairpin-like structure. Hepcidin homologs are found in a variety of vertebrates, especially fish, and their diversity may be associated with different habitats and different levels of pathogens. Dissostichus mawsoni, an Antarctic notothenioid fish that lives in the coldest water unlike most places of the world, with at least two hepcidin variants with eight cysteines. We confirmed the formation process of activated mature hepcidins from D. mawsoni in Chinese hamster ovary (CHO) cell line, obtained recombinant hepcidin protein from prokaryotes, and characterized its binding ability and antibacterial activity against varying bacteria. The expression of hepcidin in CHO cell line showed that the prepropeptide of Dmhep_8cysV1 and Dmhep_8cysV2 cleavage into smaller mature peptide. The antibacterial assay and flow cytometry showed that Dmhep_8cysV1, Dmhep_8cysV2, and Drhep bound to different bacteria and killed them with different minimum inhibitory concentration. These data suggest that hepcidin plays an important role in the innate immunity of D. mawsoni and is of great value in improving resistance to pathogens.
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INTRODUCTION

Since the 1950s, antibiotics have been widely used around the world to fend off pathogens. Unfortunately, multidrug-resistant microbes have evolved at an unprecedented rate and are insensitive to many current treatment (Pei et al., 2019). In the 21st century, people have increasingly turned to study plants and animals in the hope of identifying and characterizing antimicrobial peptides with broad-spectrum antimicrobial activity and unique membrane-directed mechanism to replace traditional antibiotics (Iman et al., 2019). So far, thousands of antimicrobial peptides have been discovered from different species; however, their use has not been widely promoted because of their high production costs.

Hepcidins, a group of cysteine-rich peptides, are widespread in all kinds of animals. It was initially identified as a natural antibacterial peptide from human urine and highly expressed in liver (Krause et al., 2000; Park et al., 2001); subsequently, it was discovered to be an important iron homeostasis regulator in mammals (Fleming and Sly, 2001; Nicolas et al., 2001; Weinstein et al., 2002). Hepcidin polypeptide has been demonstrated to regulate iron release from cells by binding to its receptor, an iron transport membrane protein, ferroportin, which results in its degradation (Nemeth et al., 2004; De Domenico et al., 2007; Fleming, 2008). However, the detailed mechanism of the antibacterial function of hepcidin still remains to be studied further.

Hepcidins have been identified and predicted in many vertebrates, including fishes, amphibians, reptiles, mammals, and birds. All known hepcidin peptides, containing 84–91 amino acids (aa), comprise signal peptide, propeptide, and the bioactive mature peptide from N terminal to C terminal. There are eight conserved cysteine residues in almost all hepcidin mature peptides, which form four intramolecular disulfide bonds that stabilize a βsheet hairpin-like structure (Hunter et al., 2002; Lauth et al., 2005; Ganz and Nemeth, 2006). Researchers have demonstrated that the disulfide bonds are necessary for hepcidin to kill bacteria (Hocquellet et al., 2012; Lin et al., 2014). There are many reported researches focused on fish hepcidin. Cysteine-rich hepcidins have been isolated and identified in fish including large yellow croaker (Pseudosciaena crocea) and bass (Shike et al., 2002; Zhang et al., 2009). In addition, the antibacterial activities of recombinant or synthesized hepcidin from at least 21 fish species have been tested, including large yellow croaker (P. crocea) (Wang et al., 2009), Japanese flounder (Paralichthys olivaceus) (Srinivasulu et al., 2008), tilapia (Oreochromis mossambicus) (Huang et al., 2007), Nile tilapia (Oreochromis niloticus) (Abdelkhalek et al., 2020; Yin et al., 2022), gilthead seabream (Sparus aurata) (Cuesta et al., 2008), orange-spotted grouper (Epinephelus coioides) (Zhou et al., 2011), black porgy (Acanthopagrus schlegelii) (Yang et al., 2011), medaka (Oryzias melastigmus) (Cai et al., 2012), Chinese rare minnow (Gobiocypris rarus) (Ke et al., 2015), convict cichlid (Amatitlania nigrofasciata) (Chi et al., 2015), caspian trout (Salmo caspius) (Iman et al., 2019), trout (álvarez et al., 2014), zebrafish (Danio rerio) (Lin et al., 2014), pallas (Brachymystax lenok) (Xu et al., 2018), medium carp (Puntius sarana) (Das et al., 2015), brown trout (Salmo trutta) (Huang et al., 2019), roughskin sculpin (Trachidermus fasciatus) (Liu et al., 2017), simensis crocodile (Crocodylus siamensis) (Hao et al., 2012), and hybrid fish (Carassius auratus) (Luo et al., 2020), channel catfish (Ictalurus punctatus) (Tao et al., 2014), Mudskipper (Boleophthalmus pectinirostris) (Chen et al., 2018), and there is evidence that the antibacterial function of hepcidin is conserved in fish. Moreover, hepcidin sequences have been cloned from various fishes without testing their antibacterial activity, for example, olive flounder (P. olivaceus) (Kim et al., 2005), Atlantic cod (Gadus morhua) (Solstad et al., 2008), and Antarctic tooth fish (Dissostichus mawsoni) (Xu et al., 2008).

Although hepcidin gene widely is distributed in vertebrates, and its number varies across species, from one to seven. It has been identified that there is only one hepcidin gene in human, two in mice, five in an Antarctic fish D. mawsoni (Xu et al., 2008), and seven in black sea bream (Yang et al., 2007). Among them the D. mawsoni (NCBI: txid6530, Fishbase ID: 7039) widely is distributed in freezing waters of high-latitude Antarctic coasts, as far south as 77.5°S (McMurdo Sound), the southern limit of Antarctic marine life. Despite that D. mawsoni grows slow in the cold habitat, it can still grow to enormous size (2 m in length and 140 kg in weight), which means they have a strong immune system (Chen et al., 2019). Five variants of hepcidin were identified in D. mawsoni genome by sequencing (NCBI: EU221590.1, EU221595.1, EU221596.1, EU221602.1, and EU221603.1), and their amino acid sequences are shown in Supplementary Figure 1. One of the conserved variants is named Dmhep_8cysV1 (EU221590), whereas the rest are newly discovered in genome, such as Dmhep_8cysV2 (EU221595). However, as a common freshwater model organism, there is only one conserved hepcidin in the genome of D. rerio (NCBI: txid7955, Fishbase ID: 1822), named Drhep (NCBI: NC_007127.7). Studies have shown that zebrafish recombinant hepcidin peptide can inhibit the growth of Escherichia coli, Vibrio anguillarum, Staphylococcus aureus, and Bacillus subtilis (Lin et al., 2014). However, whether non-conserved hepcidin from D. mawsoni has antibacterial activity remains unclear. Therefore, our study determined and compared the antibacterial activity of hepcidins in D. mawsoni and D. rerio.



MATERIALS AND METHODS


Fish and Bacterial Strains

All zebrafish and D. mawsoni procedures were approved by Shanghai Ocean University Animal Care and Use Committee. The AB zebrafish strains were purchased from Shanghai Institute of Biology, Chinese Academy of Sciences. The light cycle was maintained at 10-h light off and 14-h light on. The D. mawsoni was collected from McMurdo Sound. Aeromonas hydrophila, E. coli, Edwardsiella tarda, S. aureus, and Streptococcus agalactiae are cultured in Luria broth (LB) medium at their optimum growth temperature.



RNA Isolation and Tissue Expression Analysis

Various tissues of adult fish were dissected according to the method as previously described (Tripti and Mary, 2010). Tissues were rapidly frozen in liquid nitrogen and stored at −80°C until use. Total RNA for cloning and quantitative reverse transcription polymerase chain reaction (qRT-PCR) was extracted from fish brain, liver, gill, ovary, muscle, skin, heart, gut, kidney, and spleen using TRIzol reagent (Invitrogen) following the manufacturer’s instructions. RNA quality was assessed by electrophoresis on a 1% agarose gel, and RNA concentration was estimated using a Nanodrop 2000 spectrophotometer (Thermo Fisher).

One microgram of total RNA was reverse transcribed using PrimerScript™ RT reagent Kit with gDNA Erase (Takara). qRT-PCR was carried out with FastStart SYBR Green Master (Roche), and each reaction was triplicated to avoid possible random variations. Primers were designed according to various hepcidin sequences obtained from the National Center for Biotechnology Information (NCBI). Primers are shown in Table 1.


TABLE 1. Primers for quantification of D. mawsoni and D. rerio hepcidin mRNA by real time quantitative PCR.
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Sequence and Phylogenetic Analyses

The hepcidin coding sequences (CDS) sequences were analyzed using DNAMAN8 software, and the deduced amino acid sequences were translated using online website, https://web.expasy.org/translate/. The theoretical isoelectric point and molecular weight of the protein were calculated using online website, https://web.expasy.org/compute_pi/. The domain prediction of hepcidin amino acid sequence was executed in SMART.1 The deduced amino acid sequences of hepcidin in other species were identified in NCBI GenBank.2 Multiple sequence alignment was created with DNAMAN8 software.



Recombinant Plasmid Construction

Hepcidin CDS sequences were inserted into a plasmid with zebrafish β-actin promoter at EcoRI and BamHI sites. EGFP and mCherry DNA sequence was inserted into CDS regions following 5′ terminal of propeptide and 3′ terminal of mature peptide by PCR and In-Fusion Cloning, respectively. These plasmids were transfected into Chinese hamster ovary (CHO) cells using transfection reagent (Thermo Fisher). The hepcidin mature sequences were inserted into pHis-TEV using NcoI and XhoI enzyme digesting sites. The recombinant plasmid with His tag sequence at the 5′ terminal of mature hepcidin sequence can be transformed into E. coli to produce hepcidin protein controlled by T7 promoter. All the recombinant plasmids were verified by sequencing.



Expression of Hepcidin in Chinese Hamster Ovary Cell Line

Seed CHO cells had 70–90% confluence for transfection. Diluting 6 μL turbofect reagent and 4 μg plasmid in 100 μL Opti-MEM medium (Gibco), respectively. Then, the two diluting solutions were mixed and incubate for 15 min at room temperature. The mixture was added to cells and shaken gently. The cells were imaged under the fluorescence microscopy 72 h after transfection.



Expression and Identification of Hepcidin in Escherichia coli

The recombinant pHis-TEV plasmids were transformed into BL21(DE3) and cultured in ampicillin resistance LB plate at 37°C. A single colony containing various recombinant plasmid was transferred into 4 mL ampicillin (20 μg/mL)–resistant LB medium and cultured with 200 revolutions/min (rpm) shaking at 37°C for 12 h. Three milliliters of the cultures was transferred into 300 mL fresh LB medium containing ampicillin and incubated at 37°C until the OD600 reached 0.5, and then isopropyl thiogalactopyranoside was added with a final concentration 0.05 and 0 mM, respectively. The cultures were grown at 18°C for 16 h to induce the expression of the recombinant protein better. The cells were collected, centrifuged at 6,000 g at 4°C for 10 min, and resuspended in phosphate-buffered saline (PBS) buffer (Hyclone) for 15 min with 100-W ultrasound in an ice water bath for completely crack of the bacteria. The lysate was centrifuged at 12,000 g at 4°C for 20 min, and the precipitation was resuspended in 8 M urea (Sigma), and the supernatant was collected by centrifugation at 4°C after 10 min in ice bath with 100-W ultrasound. Then 20 μL of PBS lysate and urea lysate were respectively taken for Western blot detection. The total protein sample was separated by 15% sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis gel and transferred to 0.22-μm polyvinylidene difluoride membranes (Millipore Corporation) and then blocked with TBST buffer (50 mM Tris–HCl, 150 mM NaCl, and 0.1% Tween20, pH 7.4) containing 5% non-fat milk (wt/vol) at 4°C overnight. After washing with TBST three times for 30 min, the membrane was incubated with mouse anti-His Ab (1:1,000) for 2 h at room temperature. The membrane was washed thrice with TBST for 30 min and then incubated with the horseradish peroxidase–conjugated goat anti-mouse immunoglobulin G Ab (1:3,000) for 1 h at room temperature. After washing with TBST, the membrane was visualized with SuperSignal™ West Pico PLUS Chemluminescent Substrate (Thermo) and imaged using Amersham imager 600 (GE).



Purification of Recombinant Hepcidin Protein

The 8 M urea lysate was purified using a protein purification system (AKTA Pure, GE) with Ni-NTA Resin column. Equal volume of 8 M urea containing 0.4% PEG2000, 0.2 mM GSSG, 2 mM GSH, 2% L-arginine, and 10% glycerol was added into the eluted protein. Then, the eluted protein was treated with gradient dialysis in buffer (0.2% PEG2000, 0.1 mM GSSG, 2 mM GSH, 5% glycerol, 1% L-arginine, 0.1 M EDTA, and 6 or 4 or 3 or 2 or 1 or 0 M urea) of different urea concentrations. Finally, various hepcidin proteins were concentrated by using the concentration tube under 3,000 rpm at 4°C. The concentrated proteins were detected using Coomassie blue staining.



Antibacterial Assay

Antibacterial activity experiment was performed using microtiter broth dilution method; 100 μL test bacteria strains were diluted to approximately 3 × 106 colony-forming units/mL, and then 100 μL diluted peptide was added to 96-well microplates, and PBS (pH 7.4) was used as a control. The mix was incubated in a 37°C incubator. The bacterial growth curve was plotted by measuring the absorbance at 600 nm (OD600). The OD600 values were measured and recorded, which began when bacteria and peptide were mixed, starting with 0 h and then every hour for 12 h. Survival rate was calculated as the cell density in the presence of hepcidin peptides compared with the cell density of control. Assay was performed three times, and all data are presented as mean ± SD.



Flow Cytometry Analysis of Bacterial Immunofluorescence

The 3 × 105 bacteria cells were treated with 22 μM Dmhep_8cysV1 protein, 19 μM Dmhep_8cysV2 protein, and 18 μM Drhep protein for 1 h, respectively. Then, bacteria cells were collected at 3,000 rpm for 5 min and washed with PBS buffer twice in PBS (pH 7.4). Then, 100 μL 75% ethanol was added to the bacteria, incubated for 30 min, centrifuged, discarded the supernatant, and washed cells with PBS twice. One hundred microliters of 0.1% Triton X-100 was added and incubated for 45 min; the cells were washed three times in PBS. The cells were incubated in PBS containing 100 μg/mL lysozyme and 5 mM EDTA for 30 min; the cells were washed three times in PBS. One hundred microliters 0.5% blocking reagent solution (Sigma) was added and incubated for 30 min; 1 μL mouse anti-His Ab (1:100) was directly added and shaken for 2 h at 37°C. The suspension was centrifuged and discarded; the cells were washed three times in PBST (PBS containing 0.05% Tween-20); 100 μL 0.5% blocking buffer was added containing goat anti-mouse Alexa Fluor 488 ab (1:500) for 30 min at 37°C. The suspension was centrifuged and discarded; the cells were washed three times in PBST and once in PBS; the cells were resuspended in PBS. Finally, the fluorescence signal of cells was analyzed is using Accuri C6 (Becton, Dickinson and Company, BD). The data were analyzed with FlowJo software.




RESULTS


Phylogenetic Analysis of Different Hepcidin Variants of Dissostichus mawsoni and Danio rerio

To determine the phylogenetic relation of hepcidins from D. mawsoni and D. rerio, a phylogenetic tree was constructed with CDS sequence of hepcidins of teleost and other species (Figure 1). The results show D. rerio and Cyprinidae hepcidin in a clade position, whereas two hepcidins from D. mawsoni (Dmhep_8cysV1 and Dmhep_8cysV2) were in the same branch position with those of Notothenia angustata (Nototheniidae), respectively. The phylogenetic relationship of hepcidins between D. mawsoni and D. rerio was relatively distant.
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FIGURE 1. Phylogenetic analysis of hepcidins from teleost and other vertebrates. The phylogenetic trees constructed by neighborhood join method in MEGA 7.0. The numbers given are frequency (%) of a given branch in 1,000 bootstrap replications.




Sequence Alignment of Different Hepcidin Variants of Dissostichus mawsoni and Danio rerio

Whole genome sequencing analysis revealed that the hepcidin gene of D. mawsoni is distributed at both genomic loci A and B, and the most different between them is the number of cysteines, ranging from three to eight (Figure 2A). The hepcidin genes of D. mawsoni named Dmhep_8cysV1 are located at locus A and Dmhep_8cysV2 at locus B, respectively, and the only one from D. rerio named Drhep is also at locus B. There are eight cysteines in all of the three. Their Genbank accession numbers are EU221590.1, EU221595.1, and NC_007127.7. Their CDSs were cloned, sequenced, and aligned. The CDS lengths of Dmhep_8cysV1, Dmhep_8cysV2, and Drhep were 273, 267, and 276 bp, respectively. The full lengths of the three hepcidin peptides are 90, 88, and 91 aa, although their signal peptides are 24 aa, the mature region contain 25, 23, and 24 aa, respectively. And the predicted molecular weights of their mature peptide were 2.96, 2.93, and 2.89 KD, and the theoretical isoelectric points were 8.76, 9.37, and 8.94, respectively. Amino acid sequence alignment shows that Dmhep_8cysV2 is significantly different from the other two, especially from the mature region. However, the mature region of Dmhep_8cysV1 is highly similar to that of Drhep, suggesting that their functions and biological activities may be very similar.
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FIGURE 2. Sequence characteristics of hepcidin variants. (A) The distribution of conserved and non-conserved hepcidin variants in the genome. (B) Multiple amino acid alignment and comparison of the different hepcidin variants from D. mawsoni (Dmhep_8cysV1 and Dmhep_8cysV2) and D. rerio (Drhep). The three functional regions of the prepropeptide are represented by different lines at the top of each region. The number of amino acids for each variant is shown at the end of each sequence. The putative cleavage sites of the signal peptide and the mature hepcidin are marked with inverted triangles. Levels of amino acid conservation are highlighted by dark blue (identical) and light blue (two variations).




Hepcidin mRNA Expression in Dissostichus mawsoni and Danio rerio

To detect the tissue expression level of hepcidin, mRNA expression was detected in 10 tissues collected from D. rerio and D. mawsoni, respectively, including brain, liver, gill, ovary, muscle, skin, heart, gut, kidney, and spleen (Figure 3). Obviously, hepcidin mRNA expression was the highest in liver of the two fishes. The mRNA expression level was very low in other tissues, except spleen, which was the secondary tissue with high expression of Drhep, which is responsible for immune and hematopoietic response.
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FIGURE 3. The relative mRNA expression of hepcidin variants in different tissues of D. mawsoni (A) and D. rerio (B). Error bars, mean ± SD, n = 3 (biological replicates). The same letters (a, b, and c) indicate no significant difference between different tissues, and different letters indicate statistical difference (p < 0.05) between different tissues.




Hepcidin Prepropeptides Were Cleaved Into Mature Peptide and Propeptide in vitro

The premature peptide motif “RXK/RR” has been hypothesized to be the cleavage site of furin-like endoproteases, but it has not been demonstrated that the prepeptide and mature peptide can be separated in living cell automatically. To identify that propeptide and mature peptide could be cleaved in live cell, green fluorescent protein tag and red fluorescent protein tag were fused with N-terminal of propeptide and C-terminal of mature peptide, respectively (Figure 4A). The recombinant hepcidin plasmid (Dmhep_8cysV1 and Dmhep_8cysV2) was transfected and expressed in CHO cells; microscopic imaging revealed that green fluorescent protein and red fluorescent protein were separated (Figure 4B), whereas the two fluorescent proteins of control plasmid without hepcidin sequence were completely fused in CHO cells (Figure 4B). Taken together, the results reveal that hepcidin prepropeptides were cleaved into mature peptide and propeptide in vitro.
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FIGURE 4. Hepcidin prepropeptide were cleaved into mature peptide and propeptide in CHO cell line. (A) The structure of recombinant plasmid with or without CDS of hepcidin and fluorescent protein. (B) The distribution of red and green fluorescent protein in CHO cell line. NC, negative control.




The Antibacterial Activity of Recombinant Protein of Different Hepcidin Variants

To figure out whether functional divergence occurred in these sequentially diverse hepcidin variants, we examined their antibacterial activity. Drhep, Dmhep_8cysV1, and Dmhep_8cysV2 recombinant proteins purified by His tag show a single band about 10 kDa on an SDS polyacrylamide gel by Coomassie blue staining and Western blot (Figure 5).
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FIGURE 5. Expression and purification of hepcidin in E. coli. (A) The structure of recombinant plasmid with or without mature region of hepcidin. (B) Purified hepcidin peptide detected by Coomassie blue staining. (C) Purified hepcidin peptide detected by Western blot.


The purified recombinant protein was constructed in prokaryotic E. coli and tested for its antibacterial activities against Gram-positive and Gram-negative bacteria. All three recombinant hepcidin peptides showed antibacterial activities. The minimum inhibitory concentration (MIC) of Drhep against E. coli, S. agalactiae, A. hydrophila, and S. aureus were 15, 10, 20, and 25 μM, respectively. The MICs of Dmhep_8cysV1 against E. coli, S. agalactiae, A. hydrophila, and S. aureus were 25, 20, 25, and 25 μM, respectively. The MICs of Dmhep_8cysV2 against E. coli, S. agalactiae, A. hydrophila, and S. aureus were 20, 10, 20, and 15 μM, respectively (Table 2). The three hepcidins from D. mawsoni and D. rerio had different degrees of antibacterial activity overall.


TABLE 2. Minimum inhibitory concentration of various hepcidin peptides.
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Hepcidin Protein Can Bind to Various Bacteria

Flow cytometry analysis of bacterial immunofluorescence confirmed hepcidin peptide kills bacteria by binding to them. The result showed that all three hepcidin proteins can bind to the bacteria at a concentration of 20 μM (Figure 6). The binding capacity of Dmhep_8cysV2 to E. coli was stronger than that of Dmhep_8cysV1 (Figure 6A), and the binding capacity of Dmhep_8cysV2 was the same as that of Drhep. Dmhep_8cysV2 also had better binding ability to S. aureus than the other two (Figure 6B).


[image: image]

FIGURE 6. Various hepcidin peptides were detected by flow cytometry to bind to E. coli (A) and S. aureus (B). Orange represents Dmhep_8cysV1 (20 μM), red represents Dmhep_8cysV2 (20 μM), blue represents Drhep (20 μM), and green represents NC (negative control, PBS).





DISCUSSION

Antimicrobial peptides are one of the important components of fish living in microbe-rich environment (Samuthirapandian et al., 2010). The AMP (antimicrobe peptide) hepcidin widely exists in fish and plays an important role in innate immune system of fish (Shi and Camus, 2006). In recent years, a large number of studies have been carried out on the antibacterial activity of AMP, especially on hepcidin of various vertebrates, looking forward to find a substitute for antibiotic. The sequences and structure domains of hepcidin variants from D. mawsoni were analyzed; their recombinant peptides were obtained, and their antimicrobial activities were tested in this study.

The encoded prepropeptide contains 84 aa in human, but only 20- to 25-aa peptides were initially found in urine (Park et al., 2001), meaning that the prepropeptide was cleaved to form a mature peptide. The conserved arginine/lysine propeptide cleavage recognition site (RXRR/RXKR) of furin-like endoproteases was found in all three hepcidins (Figure 2B). Dmhep_8cysV1 and Dmhep_8cysV2 propeptides separate into two parts in CHO cells (Figure 4B), probably because arginine residues at their carboxyl terminal are cleaved by widespread furin, similar to viral glycoproteins (Garten et al., 1994). This procedure is common with posttranslational modification of membrane and secretory proteins to form a functional peptide. In addition, it is assumed that the full hepcidin sequence supplies a codon long enough to ensure that the translation process is performed smoothly and correctly.

Sequence alignment showed that the mature region of Dmhep_8cysV1 is highly parallel to Drhep, but Dmhep_8cysV2 had low similarities with the other two mature regions except for the eight cysteines in this region. It is believed that the mature peptide of teleost fish is highly conserved (Ke et al., 2015), and the newly evolved Dmhep_8cysV2 in the genome enables D. mawsoni to acquire hepcidin sequence diversity. Therefore, whether the diverse sequences of hepcidin are helpful to increase the immunity ability for D. mawsoni is still unclear. The result showed that mature hepcidin could inhibit all kinds of bacteria. In this study, the recombinant peptide of D. mawsoni and hepcidin of D. rerio both inhibited the growth of Gram-positive and Gram-negative bacteria. However, Dmhep_8cysV2 had a lower MIC against S. aureus than both the other two. This may relate to the origin of Dmhep_8cysV2, as it is a newly evolved site located at genomic locus A, rather than the ancient locus B such as Dmhep_8cysV1 and Drhep. In addition, the amino acid sequence showed that Dmhep_8cysV2 was significantly different from Dmhep_8cysV1 and Drhep, which is attributed to the differences in antibacterial ability, for which the latter two show more similarities than the former. Different hepcidin variants have different MIC values for some bacteria, but these prove that hepcidin has a broad-spectrum antibacterial ability.

Given the special habitat of D. mawsoni and its various hepcidin variants, the additional function of hepcidins deserves further study and exploration. Many studies have shown that hepcidin mature peptides form a characteristic antiparallel β-sheet conformation with eight, six, or four conserved cysteines (De Domenico et al., 2008). At the same time, there was evidence that proved hepcidin lost antibacterial function if all the eight cysteines were replaced by alanine (Lin et al., 2014). In fact, there are three hepcidins in D. mawsoni, except for the two mentioned in this article, with the third one containing only four cysteines. Therefore, the relationship between the structure and function of different hepcidins variants remains to be explored.

In addition, although many hepcidins have a certain degree of antibacterial activity, how they kill bacteria is still not clear. Previous studies have demonstrated that peptides with β sheet structure bind to bacterial membrane to form complexes that kill microorganisms (Huang, 2000; Chen et al., 2003). Flow cytometry showed that hepcidin from D. mawsoni and D. rerio could bind to bacteria and may be the complexes formed in this process. However, structure of the complexes is still unclear, and whether there are other molecules in bacterial cells that can target hepcidin needs further study.
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Antimicrobial peptides (AMPs), as an important part of the innate immune system of an organism, is a kind of promising drug candidate for novel antibiotics due to their unique antibacterial mechanism. However, the discovery of novel AMPs is facing a great challenge due to the complexity of systematic experiments and the poor predictability of antimicrobial activity. Here, a novel and comprehensive screening system, the Multiple Descriptor Multiple Strategy (MultiDS), was proposed based on 59 physicochemical and structural parameters, three strategies, and four algorithms for the mining of α-helical AMPs. This approach was applied to mine the encrypted peptide antibiotics from the global human genome, including introns and exons. A library of approximately 70 billion peptides with 15–25 amino acid residues was screened by the MultiDS system and generated a list of peptides with the Multiple Descriptor Index (MD index) scores, which was the core part of the MultiDS system. Sixty peptides with top MD scores were chemically synthesized and experimentally tested their antimicrobial activity against 10 kinds of Gram-positive bacteria, Gram-negative bacteria (including drug-resistant pathogens). A total of fifty-nine out of 60 (98.3%) peptides exhibited antimicrobial activity (MIC ≤ 64 μg/mL), and 24 out of 60 (40%) peptides showed high activity (MIC ≤ 2 μg/mL), validating the MultiDS system was an effective and predictive screening tool with high hit rate and superior antimicrobial activity. For further investigation, AMPs S1, S2, and S3 with the highest MD scores were used to treat the skin infection mouse models in vivo caused by Escherichia coli, drug-resistance Escherichia coli, and Staphylococcus aureus, respectively. All of S1, S2, and S3 showed comparable therapeutic effects on promoting infection healing to or even better than the positive drug levofloxacin. A mechanism study discovered that rapid bactericidal action was caused by cell membrane disruption and content leakage. The MultiDS system not only provides a high-throughput approach that allows for the mining of candidate AMPs from the global genome sequence but also opens up a new route to accelerate the discovery of peptide antibiotics.

Keywords: antimicrobial peptide, screening system, antimicrobial activity, antimicrobial mechanism, mouse model, skin infection, physicochemical parameter, human genome


INTRODUCTION

With the increase of drug-resistant pathogens and the decline in the discovery of new antibiotics, the urgent priority is to develop new available antimicrobial drugs to fight against bacterial infectious diseases. Antimicrobial peptides (AMPs), as a promising alternative, have attracted extensive attention due to their wide antimicrobial spectrum and difficulty in developing drug resistance. As an important kind of AMP, α-helical AMPs are usually cationic linear peptides with amphipathic helical structures in contact with biological membranes (Wang et al., 2019). The antibacterial effect of AMPs is mainly through the destruction of microbial lipid bilayers to induce the leakage of cell contents (Avci et al., 2018; Kumar et al., 2018). The physicochemical properties and structure features, such as net charge (Jiang et al., 2008), charge density (Vishnepolsky and Pirtskhalava, 2014), hydrophobicity (Edwards et al., 2016; Lee et al., 2018), hydrophobic moment (Wieprecht et al., 1997b), amphiphilicity (Pathak et al., 1995), angle (Wieprecht et al., 1997a), length (Gagnon et al., 2017), helicity (Dathe et al., 1996; Huang et al., 2014), propensities to the disordered structure, and aggregation (Fernandez-Escamilla et al., 2004; Conchillo-Solé et al., 2007; De Groot and Ventura, 2010), are essential to exert antimicrobial activities. In recent years, computational approaches based on these parameters have been widely used in the discovery of AMPs, overcoming the difficulties in systematic experimental identification of AMPs due to the limitations of current methods. Torres et al. (2021) mined the encrypted peptide antibiotics in the human proteome via an algorithm that relied on the sequence length, net charge, and average hydrophobicity, and the results showed 63.6% of the encrypted peptides displayed antimicrobial activity against pathogens. Besides, many algorithms and models, such as quantitative structure-activity relationship (QSAR; Taboureau et al., 2006), support vector machines (SVM; Porto et al., 2012), random forests (RF; Joseph et al., 2012), discriminant analysis (DA), and artificial neural network (ANN; Fjell et al., 2009), have also been built and applied to predict and evaluate potential AMPs. Hou et al. (2019) applied a combination of three databases (AntiBP2, APD3, and CAMPR3) and four algorithms (SVM, RF, DA, and ANN) to predict AMPs from the protein hydrolyzate of Sichuan pepper seeds, one of the 16 potential AMPs with high scores exhibited moderate antibacterial activity against Escherichia coli ATCC 25922 with an MIC value of 64 μg/mL in vitro. The diversity in evaluation strategies and core parameters showed different predictive performance. The limitation of existing methods in antimicrobial activity and hit ratio and the accumulation of antimicrobial activity data provide impetus to develop a new comprehensive screening method for accelerating antimicrobial peptide discovery.

In this study, 59 physicochemical and structural parameters (also called descriptors), three strategies [decision-tree like screening model, weighted point (WP) method, and first-place amino acid preference], and four algorithms (SVM, RF, DA, and ANN) were integrated to construct a novel and comprehensive AMP mining approach, the Multiple Descriptor Multiple Strategy (MultiDS) system, for mining cryptic α-helical AMPs from global human genome database. The decision tree is a classification method by a tree structure model to solve the classification problem. It splits a dataset into subsets according to different data characteristics until the split data belongs to the same category (Quinlan, 1986; Tan et al., 2006). The WP method means a multi-parameter comprehensive rating system, in which each parameter is endowed with a weight according to its importance. Then a total point value is calculated by summing the products of every parameter and its weight. The WP method can conduct a more intensive and objective analysis of evaluating items (Thompson, 1990, 1991). Furthermore, the probability of different amino acids appearing in the N-terminal of the AMPs collected in the APD3 database1 was analyzed and defined as “first-place amino acid preference (FAAP).” Meanwhile, 59 parameters here, refer to the physicochemical and structural characteristics of AMP, including 28 parameters reported in the literature, 23 parameters derived by normalization or denormalization of the reported parameters, and eight parameters, proposed for the first time in this study, were selected by exploring their correlations to antibacterial activities or α-helix structures.

Subsequently, using this MultiDS system, the entire human genome, including exon and intron, was translated and scanned to find peptides ranging from 15 to 25 residues in length. From the tens of billions of possible peptides, a series of potential AMPs with MD scores were obtained. Then the antimicrobial activities of 60 peptides with top MD scores were detected against 10 kinds of pathogens in vitro. Furthermore, AMPs S1, S2, and S3 with top MD scores were selected to treat mouse skin wounds infected by pathogenic Gram-positive/negative bacteria and drug-resistant bacteria. The mechanism study discovered that antimicrobial action was caused by cell membrane rupture and content leakage.



MATERIALS AND METHODS


The Construction of Multiple Descriptor Multiple Strategy Screening System


The Collection of Source Data

To establish a predictive and screening system for potential AMPs in silico, the AMPs in DBAASP (Pirtskhalava et al., 2016) (Database of Antimicrobial Activity and Structure of Peptides)2 were selected by the following criteria: (1) without modifications, (2) the length of 5–50 amino acid residues, (3) without D-amino acids, (4) monomeric peptide, (5) the target object was lipid bilayer, (6) the antimicrobial activity was recorded as minimum inhibitory concentration (MIC), and (7) the tested pathogens were Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. Then the selected AMPs were submitted to the APD3 database (Antimicrobial Peptide Calculator and Predictor)3 for the prediction of secondary structure. The obtained peptides were divided into a series of datasets according to their antibacterial activities and pathogenic bacteria.



The Correlation Analyses Between 59 Parameters and the Minimum Inhibitory Concentration Values of Antimicrobial Peptides

According to literature reports, net charge, hydrophobicity, isoelectric point, amphiphilicity, and a series of physicochemical and structural parameters were commonly used to evaluate the activity of AMPs. Furthermore, the Spearman correlation coefficient of each parameter was analyzed between the parameter value and the MIC value of the datasets by using GraphPad Prism 8. The average valid correlation coefficient (AVCC) of all the Spearman coefficients of each parameter was calculated. For one given parameter, if there were both positive and negative correlations in all the Spearman correlation coefficients for each group, the majority correlation was recognized as an effective correlation, while the minority was recognized as an invalid correlation. Removing the non-correlation (p ≥ 0.05) and invalid correlation, the sum of all the effective correlation coefficients was divided by the number of the dataset to obtain the AVCC.



The Development of the Multiple Descriptor Index

The MD index was built based on the WP method, in which, the negative values of AVCC were assigned as the weight of parameters. Each parameter value corresponding to the selected AMPs was calculated and the maximum and minimum values were identified. Subsequently, the parameter value of each AMP was mapped to 0–1 using min-max normalization. The formula (1) was shown as follows:
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where the Parametermax and Parametermin were the maximum and minimum values of each parameter of the selected AMPs.

Then, the values of normalized parameters of a certain peptide were multiplied by their corresponding weights, and the MD’ index of each peptide was obtained by summing their products. The formula (2) was shown as follows:
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where P’ was the normalized parameter (parameter’), w was the negative value of AVCC (as the weight of each parameter), and n was the number of parameters.

Finally, MD’ was conducted centesimal normalization to obtain the MD index by formula (3) as follows:
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In order to compare the performance between the MD index and the commonly used algorithms like SVM, RF, and DA, the AVCC for SVM, RF, and DA were calculated. The AMPs collected from the DBAASP database were submitted to the CAMPR3 database and scored by SVM, RF, and DA algorithms, respectively. Then, the correlation coefficients were analyzed by using the scores of each AMP calculated by each algorithm and its corresponding MIC values, and then, the average effective correlation coefficient (AVCC) value was obtained. To further verify the validity of the MD Index, the newly collected AMPs in the DBAASP database were selected to assess the correlation between the MD index and MIC by the same method as above.



Determination of the Cutoff Value of Parameters

According to the decision-tree-like screening model, each parameter was taken as a decision node, and the cutoff value of each parameter was set as the screening criterion for each node to evaluate whether the peptide meets the requirement. Therefore, the parameter values of the selected AMPs were calculated. Then the AVCC between parameter value and MIC was analyzed to ascertain whether the correlation was positive or negative. If the correlation between a parameter and MIC was ascertained to be negative, it indicated that the larger the parameter, the smaller the MIC, and the stronger the antibacterial activity. Subsequently, the histogram distribution of each parameter of the selected AMPs was drawn, by which the distribution range and characteristics of a specific parameter could be obtained. Based on the ascertained negative correlation, the cutoff value of the parameter was determined a higher value tending to prefer the right side in the histogram, which was more conducive for screening of AMPs with high antibacterial activity. If a positive correlation was ascertained between the parameter and MIC, the cutoff value was determined tending to prefer the left side in the histogram with a lower value. In short, different parameters had different histogram distribution characteristics, furthermore, the magnitude of correlations and “plus” or “minus” were also different between different parameters and MIC, the cutoff values of all parameters were determined manually with the orientation to maximize the possibility of screening for the AMPs with high antibacterial activity.



Construction of Decision-Tree Like Screening Model

In this study, a decision-tree-like screening process was used as the screening model, in which the property screening order and the cutoff value for each property were manually determined. During the construction of a decision-tree-like screening model, the parameters selected in this study and the algorithms in CAMPR3 were divided into three major screening steps according to whether they could be calculated offline and in different databases. Specifically, step 1 was offline calculation and screening; step 2 was online calculation and screening by DBAASP; step 3 was online filtering by the algorithms in CAMPR3. The detailed construction process of the decision-tree-like screening model was as follows.

Firstly, the parameters, which can be calculated offline, were connected in series to establish a step-by-step calculation procedure. In this process, each parameter was set as an independent evaluating node and the cutoff value was designed as assessment criteria. Then, the peptide to be evaluated was calculated step by step according to the evaluation process. The calculated result of the parameter was compared with the predetermined cutoff value. If the value is within the cutoff value, then move to the next parameter; if the parameter value is without the cutoff value, then stop the screening and the peptide is abandoned. Only if one peptide satisfies the cutoff value of all the parameters in the calculation, it will be output.

Secondly, the outcome peptides from Step 1 were submitted to the DBAASP website (see text footnote 2, “general property”) and evaluated by the parameters step-by-step as the calculation procedure in Step 1, and the outcome peptides that met all the preset cutoff values were submitted to the CAMPR3 website4 and calculated online by the algorithms, finally, the peptides that met all the given criteria were output.

In the step-by-step screening process, different properties could be applied in different orders, but each candidate peptide to be evaluated must simultaneously satisfy the preset cutoff value for all properties before it could be output as a qualified peptide.



The Analysis of First-Place Amino Acid Preference of Antimicrobial Peptides

The AMPs, with veritable α-helical structure and less than 100 amino acid residues in length deposited in the APD3 database, were selected, then statistically analyzed the frequency of the first-place (N-terminal) amino acid to determine whether there was an amino acid preference, which was defined as an FAAP.



The Establishment of the Multiple Descriptor Multiple Strategy System

The MultiDS method was built based on physicochemical and structural parameters, strategies, and algorithms to form an integrated system for the mining of cryptic α-helical AMPs in silico. The specific process of MultiDS screening was shown in section “The Establishment of MultiDS System.”




Mining Cryptic α-Helical Antimicrobial Peptides From the Human Genome by Multiple Descriptor Multiple Strategy

The human genome sequence (2,948,583,725 bp) including 22 autosomes, two sex chromosomes, and a mitochondrion genome were downloaded from the National Center of Biotechnology Information (NCBI) website5. The whole-genome sequences were translated into amino acid sequences by six-frame translation from the beginning to the end, including introns and exons, coding, and non-coding regions. Subsequently, the amino acid sequences were scanned and obtained in a huge peptide library containing approximately 70 billion peptides in the length of 15–25 amino acid residues. Then, the peptides were screened and evaluated according to the MultiDS system procedure. Finally, the obtained potential AMPs were submitted to the CAMPR3, APD3, and DBAASP database for homology and similarity analysis to judge their novelty.



In vitro Antimicrobial Activity Assay

The potential AMPs were chemically synthesized by GenScript Biotechnology Co., Ltd., Nanjing, China, with a purity of no less than 90%. The antibacterial activity measurement was modified based on the broth microdilution method (Zhong et al., 2019). A total of 10 kinds of pathogens were used, including Gram-positive bacteria, Staphylococcus aureus (CMCC26003), multiple-resistant Staphylococcus aureus (MRSA186), Enterococcus faecium (VRE204) (vancomycin-resistant strain), and Gram-negative bacteria, such as Pseudomonas aeruginosa (CMCC10104), Escherichia coli (CMCC44103), Escherichia coli (SYPB-3820) (multiple-resistant strain), Klebsiella pneumoniae (CMCC46117), Acinetobacter baumannii (ACCC11038), Shigella dysenteriae (CMCC(B)51105), and Salmonella paratyphi B (CMCC50094). Briefly, the bacteria were grown in Mueller Hinton Broth (MHB) medium (beef extract, 3 g/L, acid hydrolyzate of casein, 17.5 g/L, starch, 1.5 g/L) at 37°C to mid-log phase, and diluted to 5 × 105 colony-forming units per milliliter (CFU/mL). The samples were diluted to 640 μg/ml with deionized sterile water and added to a 96-well plate that pre-contained 180 μl pathogens suspension at a gradient of 64 to 0.125 μg/ml. Thereafter, the 96-well plate was incubated at 37°C for 16–20 h, then, the absorbance at 600 nm was measured using a microplate reader (Tecan Infinite M1000 PRO). The lowest concentration, where the growth of 90% pathogens was inhibited, was taken as the minimal inhibitory concentration (MIC). The inhibition rate was calculated by using the following equation:
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Skin Wound Infection Healed by Antimicrobial Peptides

In order to evaluate the therapeutic effect of AMP S1, S2, and S3 in vivo, the full-thickness skin infection and healing experiment was carried out on mice. Briefly, adult female BALB/c mice (18–22 g) were obtained from the Laboratory Animal Center of Shenyang Pharmaceutical University and performed in compliance with the guidelines of the Institutional Animal Care and Use Committee of Shenyang Pharmaceutical University. Each mouse was operated on an 8-mm in diameter round-shape wound under surgery conditions with an intraperitoneal injection of ketamine (90 mg/kg) and xylazine (10 mg/kg). The mice were randomly divided into 10 groups, including one normal group, three model groups, three treatment groups, and three positive groups (n = 10 in each group), then the wounds were infected with 40 μl (1 × 108 CFU/mL) of E. coli (CMCC44103) or drug-resistant E. coli (SYPB-3820) or S. aureus (CMCC26003), respectively, except for the normal group. Forty-eight hours later, the wounds of three model groups were treated with a sterile 0.85% saline solution. The wounds of the treatment group were treated with 100 μl S1 against E. coli (CMCC44103), or S2 against E. coli (SYPB-3820), or S3 against S. aureus (CMCC26003) at 16 μg/mL (8 × MIC), respectively. In the meantime, 100 μl positive drug levofloxacin was given at the concentration of 0.24 μg/ml (8 × MIC) against E. coli (CMCC44103), or 64 μg/ml (8 × MIC) against E. coli (SYPB-3820), or 0.96 μg/mL (8 × MIC) to against S. aureus (CMCC26003) for positive groups. All the wounds were treated twice 1 day and observed every 24 h for 14 days. On days 1, 3, 5, 7, and 10, 100 mg of treated skin tissue was removed and homogenized in 0.9 ml of sterile 0.85% saline solution, then the samples were diluted and plated onto Luria-Bertani (LB) medium. After incubation at 37°C for 20 h, the CFUs were counted to represent the bacterial number in the wounds.



The Study of the Bactericidal Mechanism of Antimicrobial Peptides


Acridine Orange/Propidium Iodide Double Staining Assay

To investigate the impact of S1, S2, and S3 on the bacterial cell membrane permeability, AO/PI (Acridine Orange/Propidium Iodide) double staining assay was carried out by using Live/Dead Cell Double Staining Kit HR 0462 (Beijing Baiaolaibo Technology Co., Ltd., Beijing, China). Bacteria were cultured to the logarithmic growth stage, then washed three times in a 0.01 M phosphate-buffered saline (PBS) solution (pH 7.4) and resuspended to 1 × 108 CFU/mL in PBS. Afterward, E. coli (CMCC44103) was treated with S1, E. coli (SYPB-3820) with S2, and S. aureus (CMCC26003) with S3, respectively, at the final concentration of 2 μg/mL (1 × MIC), then incubated at 37°C for 90 min. After centrifugation, the bacteria were subsequently treated with AO and PI at 4°C for 20 min. The samples were washed with 0.01 M PBS solution (pH 7.4), then observed and photographed by a fluorescence microscope (Olympus BX53F, Olympus, Japan). The bacteria untreated with AMPs were used as a negative control.



Inner Membrane Permeability Assay

The inner membrane permeability of bacteria was measured by the released activity of β-galactosidase utilizing ONPG (o-nitrophenyl-β-D-galactoside) as a substrate. E. coli was harvested at a logarithmic phase in the MHB medium containing 5% lactose and washed by centrifugation at 1,000 × g for 10 min. Afterward, the pellet was washed and resuspended to 1 × 108 CFU/mL in PBS buffer. Exactly 100 μl of E. coli suspension and 90 μl of peptides solution (final concentration of 1 and 4 × MIC) were mixed with 10 μL of ONPG solution (30 mM) in a 96-well microtiter plate. A total of 0.5% of NaCl and 1% of Triton X-100 were served as negative and positive control, respectively. The change of absorbance at 420 nm was monitored by utilizing a microplate reader.



Outer Membrane Permeability Assay

The OM permeability was measured by using N-Phenyl-1-naphthylamine (NPN) fluorescent probe assay. The bacteria were harvested at the logarithmic phase and washed by centrifugation at 1,000 × g for 10 min and resuspended to 1 × 108 CFU/mL in 5 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) buffer (pH 7.2). Then, 100 μl of bacteria suspension and 50 μl of peptides (final concentration of 1, 2, and 4 × MIC) were mixed with 50 μl of NPN (final concentration of 10 μM) in a 96-well microtiter plate. A total of 0.5% of NaCl solution and 1% of Triton X-100 solution were served as negative and positive control, respectively. The changes of fluorescence within 10 min were recorded by employing a microplate reader. The excitation and emission wavelengths were 350 and 420 nm, respectively.



Peptide and DNA Binding Assay

The gel retardation experiment was conducted according to the method described by Kim et al. (2018) for exploring the influence of AMPs on the bacterial genome. The bacterial genomic DNAs were extracted by using a Vazyme FastPure® Bacteria DNA Isolation Mini Kit (Nanjing Vazyme Biotech Co., Ltd., Nanjing, China). A total of 10 μl genomic DNA (approximately 400 ng) was dissolved in TE buffer (10 mM Tris–HCl and 1 mM EDTA, pH 8.0) and mixed with different concentrations of peptide (final concentration of 0.5, 1, 2, 4, and 8 × MIC), and then, incubated at 37°C for 30 min. DNA treated with Penetratin (reported as cell-penetrating peptide) (de Mello et al., 2019) and DNA untreated with AMP were served as positive and negative control, respectively. The extent of DNA migration was measured by agarose gel electrophoresis using a gel imaging system (Beijing Sage Creation Science, Beijing, China).



Nucleic Leakage Assay

In order to study the effect of AMP on plasmalemma integrity, the leakage of nuclear acids (RNA/DNA) was determined by measuring the absorbance at 260 nm. Bacteria were harvested at the logarithmic phase by centrifugation at 3,000 × g for 10 min, washed three times in PBS (pH 7.4), and resuspended to an absorbance at 600 nm of 0.5. The suspensions were treated with S1, S2, or S3 at the final concentration of 1, 2, and 4 × MIC. After incubation at 37°C for 1, 2, 4, 6, and 8 h, the samples were passed through a 0.22-μm Millipore and detected the absorbance at 260 nm.



Scanning Electron Microscope Assay

The bacteria were cultured to the logarithmic phase, harvested, and resuspended to 108 CFU/mL in PBS (pH 7.4), then treated with S1, S2, or S3 at the final concentration of 2 × MIC at 37°C for 2 h. After being washed with PBS buffer, the samples were fixed in 2.5% (v/v) glutaraldehyde solution at 4°C overnight, then dehydrated through a gradient series of ethanol (50, 70, 90, and 100%) for 15 min at each gradient, and finally dehydrated further in tert-butanol for 30 min. After coating with gold using an ion sputtering device (Hitachi E-1010, Japan), the specimens were observed using SEM (Hitachi S-3400N, Japan).



Transmission Electron Microscopy Assay

The logarithmic phase strains were harvested and resuspended to 108 CFU/mL in PBS (pH 7.4) and treated with S1, S2, or S3 (2 × MIC) at 37°C for 2 h. Then a 10-μl bacterial suspension was dropped onto the copper grids. After sedimentation for 10 min, the liquid was absorbed away, and the samples were stained with 1% phosphotungstic acid (w/v), dried at room temperature, and examined by applying TEM (Hitachi HT7700, Japan).




Statistical Analysis

All the results were performed by GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, United States). Data represent the mean ± SD of three replicates. *, ** and *** represent p < 0.05, 0.01, and 0.001, respectively.




RESULTS


The Establishment of the Multiple Descriptor Multiple Strategy System

To construct a comprehensive and efficient assessment method, the MultiDS system was established based on 59 parameters, three strategies (decision-tree like screening model (DT), WP method, and FAAP), and four algorithms (SVM, RF, DA, and ANN). The specific operation process was carried out according to the following steps (Figure 1).
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FIGURE 1. The workflow of the Multiple Descriptor Multiple Strategy (MultiDS) screening system. DT represents a decision-tree-like screening model, including three steps of offline calculation and screening, DBAASP database calculation and screening, and four algorithms screening by CAMPR3. WP represents the weighted point method, which was taken as the theoretical basis to construct the MD index through three calculation formulas. FAAP represents the first-place amino acid preference.


Step 1: Offline calculation and screening. The stepwise computation and inspection were conducted for the evaluation of putative peptides using each parameter as a decision node. If a peptide satisfies all the predetermined cutoff values, it will be output to the next step.

Step 2: Online calculation and screening by DBAASP. The outcome peptides from Step 1 were submitted to the DBAASP website (see text footnote 2, “general property”) and evaluated by 27 parameters. If a peptide satisfies all the predetermined cutoff values, it will be outputted to the next step.

Step 3: Online filtering by four algorithms (SVM, RF, DA, and ANN) in CAMPR3 (Waghu et al., 2016). The eligible peptides from Step 2 were submitted to the CAMPR3 (see text footnote 4) and calculated online by four algorithms, namely Support Vector Machines (SVM), Random Forests (RF), Discriminant Analysis (DA), and Artificial Neural Network (ANN). The only the scores given by SVM, RF, and DA were no less than 0.85 and the peptide was judged as “true” by the ANN algorithm simultaneously, can the peptide be submitted to Step 4. The above three steps constituted the decision-tree-like screening model (DT).

Step 4: Offline MD Index calculation. The peptides obtained by Step 3 were calculated according to formula 1 to get P’, and then calculated MD’ by formula 2, finally calculated MD Index by formula 3.

Step 5: Offline screening by the FAAP. The peptides that came from Step 4 were selected by FAAP strategy to filter out peptides whose first amino acid was not G, F, K, I, A, L, R, V, S, M.

Through the above five steps, the large peptide library could be rapidly compressed, which was conducive to mining new AMPs from large samples rapidly and efficiently.


The Collection of Antimicrobial Peptides Data and Determination of 59 Parameters

A total of 1,028 α-helical AMPs and their 3,273 data (MIC values) in the DBAASP database were collected and divided into 16 datasets according to different MIC groups and pathogenic bacteria (Supplementary Table 1). Meanwhile, a total of 59 physicochemical and structural parameters (P1–P59) were designed for the model construction, among which 28 were from literature reports, 23 were derived from the parameters in the literature by normalization or unnormalization, and eight were proposed in this study including α-helix index, normalized α-helix breaker index (Nα-B), α-helix breaker index (α-B), consecutive α-helix breakers index (Cα-B), index of two or three consecutive amino acid residues with identical charges (CC2, CC3), disulfide bond index (DSB) and α-helix Index II. The definition and parameter value calculation of 59 parameters were displayed in Supplementary Table 2.



Establishment and Verification of the Multiple Descriptor Index

In order to construct the MD index, 16 Spearman correlation coefficients and the AVCC between the value of 58 parameters (except P59, which was only used to distinguish helical structures) and the MIC of AMPs in 16 datasets were analyzed and listed in Supplementary Table 3. Most correlation coefficients between the MIC and parameter values of P1–P45 were valid (p < 0.05), and their absolute values of AVCC were greater than 0.06, displaying relatively steady and sufficient correlation strength with MIC values. Therefore, P1–P45 was selected to construct the MD Index, while, as for P46–P59, due to their own characteristics (the correlation was weak or unrobust to the MIC), they did not meet the request of the construction of the MD index, so they were not incorporated into the MD index, but designed as an independent limiting parameter in the decision-tree like screening model. For the calculation of the MD index, the maximum and minimum values of each parameter were calculated and listed in Supplementary Table 4. The MD index of 1,028 AMPs was obtained by min-max normalization for each parameter and centesimal normalization after the weighted sum. The Spearman correlation coefficients between the MD Index and MIC values of the 16 datasets were carried out. The obtained AVCC value was −0.352, which showed a consistent negative correlation (p < 0.05) (Supplementary Figure 1A). Moreover, the absolute value of AVCC of the MD index was larger than that of SVM, RF, and DA (−0.093, −0.206, and −0.202) (Supplementary Table 5), which indicate that the MD index has better relevance to the antibacterial activity than the commonly used algorithms.

To verify the validity of the MD Index, the latest 351 eligible AMPs with 989 MIC values deposited in the DBAASP database were selected according to the above criteria. The correlation coefficient between MD Index and MIC was carried out and the AVCC value was obtained (−0.336), which showed a consistent negative correlation (p < 0.05) (Supplementary Figure 1B), indicating that the MD index can be used as a valid and stable indicator for the evaluation of AMPs.



The Determination of the Cutoff Value of 59 Parameters

In the stepwise screening procedure of a decision-tree-like screening model, parameters P1–P58 were used as a separate indicator in the MultiDS system for screening potential AMPs, so the priority task was to determine the optimal value range (cutoff value) of each parameter. For example, the histogram distribution for P1 (net charge) of 1,028 AMPs ranged from −3 to 23, most of which were concentrated between 2 and 7 (Supplementary Figure 2). Considering that the AVCC between P1 and MIC was −0.447, which meant P1 (net charge) was negatively correlated with MIC, the cutoff value of P1 was manually determined tending to prefer a higher value of no less than 5. The cutoff value was relatively tight because the DNA sequence pool (such as the human genome used later in this study) is large enough to satisfy the screening criteria. If the object’s DNA is a small sample, moderately broad boundary values may be helpful to improve the coverage of screening targets. Therefore, the cutoff value can be designed flexibly and subjectively according to the DNA pool scale. The cutoff values of P2–P58 were manually assigned by the same method.

The P59 (α-helix II index) value of 999 AMPs with exact secondary structures (Helix, Rich, Beta, Bridge, Combine Helix, and Beta) in the APD3 database (Antimicrobial Peptide Calculator and Predictor, see text footnote 3) were calculated. The cutoff value was determined according to its histogram distribution, in which most α-helix AMPs were greater than 0, while the other four structures were less than 0 (Supplementary Figure 3). Therefore, the boundary of P59 was manually taken as no less than 0. The cutoff values of 59 parameters were listed in Supplementary Table 6.



Establishment of Decision-Tree Like Screening Model

The decision-tree like screening model was established by using the 59 parameters and four online algorithms as evaluating nodes and divided into three major screening steps including offline calculation and screening composed of 32 parameters, online calculation, and screening by the DBAASP database composed of 27 parameters and online filtering by four algorithms (SVM, RF, DA, and ANN) in CAMPR3. Through the above three major and 63 minor steps, the target peptides could be rapidly screened out for the subsequent assessment.



The First-Place Amino Acid Preference of Antimicrobial Peptides

A total of 414 AMPs that met the criteria were selected for the first amino acid preference analysis. Statistical analyses showed that 10 kinds of amino acids (G, F, K, I, A, L, R, V, S, and M) presented with high frequency (sum up to 91.5%) in the first-place of AMPs. The top 10 amino acid were listed in descending order: Glycine (G, 36.23%), phenylalanine (F, 12.80%), lysine (K, 8.21%), isoleucine (I, 7.97%), alanine (A, 5.56%), leucine (L, 5.31%), arginine (R, 5.07%), valine (V, 3.86%), serine (S,3.62%), and methionine (M, 2.90%) (Figure 2). The rule of FAAP was integrated into the MultiDS system as a unique strategy for narrowing the range of potential antimicrobial peptides.
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FIGURE 2. The probability of the 20 amino acids present at the N terminal. The X-axis represents 20 amino acids, and Y-axis represents the probability of each amino acid occurring in the first place at the N terminal.





Mining of α-Helical Antimicrobial Peptides From the Human Genome by the Multiple Descriptor Multiple Strategy System

The whole human genome (including the coding region and non-coding region) was performed the six reading frames translation, and then a total of approximately 70 billion peptides with 15–25 amino acid residues were generated and screened following the operation procedure in Figure 3 in approximately 7 weeks. Subsequently, a series of peptides with the MD index that met with all the screening criteria of the MultiDS system were exported. The 337 peptides with MD scores greater than 65 were submitted to the CAMPR3 database for homology analysis. Generally, the E-value less than 10–5 was considered a high homology. As for the 337 peptides, the E-values were in the range of 0.008–9.6, except for the peptide S105 with high homology to the Human KS-27 sequence, indicating the 336 potential AMPs had a low homology with the existing AMPs in the CAMPR3. Similarly, S1–S337 were also put into the APD3 database for similarity analysis, and the similarity percentage ranged from 36 to 52.17% except for S105. Likewise, there was no similar AMP to S1–S337 except for S105 in the DBAASP database. The results validated that the 337 peptides screened from the human genome by the MultiDS system were novel sequences.
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FIGURE 3. The schematic diagram of the screening of cryptic α-helical antimicrobial peptides (AMPs) with the MultiDS system.




Antimicrobial Activity Assay of the Potential Antimicrobial Peptides

Considering the cost of solid-phase synthesis, a library composed of 60 peptides (S1–S60), with the top MD index score (Supplementary Table 7), were synthesized and assessed their antimicrobial activities against 10 kinds of clinically relevant pathogens in vitro, including Gram-positive bacteria S. aureus (CMCC26003), multiple-resistant S. aureus (MRSA186), E. faecium (VRE204) (vancomycin-resistant strain), and Gram-negative bacteria P. aeruginosa (CMCC10104), E. coli (CMCC44103), E. coli (SYPB-3820) (multiple-resistant strain), K. pneumoniae (CMCC46117), A. baumannii (ACCC11038), S. dysenteriae (CMCC(B)51105), and S. paratyphi B (CMCC50094). The results showed that 59 entities exhibited antimicrobial activities (MIC ≤ 64 μg/mL), validating the MultiDS screening system had a 98.3% hit rate for the prediction of encrypted AMPs. Fifty-four entities displayed the MIC value of no more than 8 μg/mL, showing a 90% hit rate for moderate activity AMPs, and 24 entities possessed MIC values as low as 2 μg/ml, indicating a 40% hit rate for high antimicrobial activity AMPs (Table 1). The results validated the MultiDS system was a more comprehensive and efficient approach to screening AMPs with a high hit ratio and high antimicrobial activity (MIC ≤ 2 μg/ml).


TABLE 1. The antimicrobial activities of S1–S60.
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Therapeutic Efficacy of S1, S2, and S3 in Mice Models of Skin Wound Infection

In order to evaluate the anti-infection therapeutic efficacy of the AMPs obtained from the MultiDS system, a mouse skin wound infection model infected with E. coli (CMCC44103), E. coli (SYPB-3820) (drug-resistance bacteria), and S. aureus (CMCC26003) was established. AMPs S1, S2, and S3 were selected as the representative samples to heal the wounds, and compared to the positive drug levofloxacin. As shown in Figure 4A, the initial bacterial burden in the wound infected with E. coli (CMCC44103) was (3.98 ± 2.15) × 109 CFU/g, after treatment of S1 or levofloxacin, the number decreased to (4.72 ± 3.94) × 103 CFU/g and (3.91 ± 2.87) × 103 CFU/g, respectively, at day 10, which significantly decreased the bacterial load by six orders of magnitude. A similar phenomenon was observed in the other two bacteria. The initial bacterial burden in the wound infected with E. coli (SYPB-3820) was (7.33 ± 7) × 109 CFU/g, and the number decreased to (1.75 ± 2.48) × 104 CFU/g and (2.29 ± 3.78) × 104 CFU/g after treatment with S2 and levofloxacin, respectively, 10 days later (Figure 4B), which reduced the bacterial counts by five orders of magnitude. The initial bacterial burden in the wound infected with S. aureus (CMCC26003) was (2.73 ± 1.96) × 1010 CFU/g, and the number decreased to (1.61 ± 2.30) × 104 CFU/g and (5.37 ± 2.89) × 103 CFU/g after treatment with S3 and levofloxacin, respectively, (Figure 4C), which significantly reduced by six and seven orders of magnitude. Of note, the wound bacterial remnants all decreased below 105 CFU/g after 10 days, significantly lower than the untreated group, which indicated that S1, S2, and S3 could significantly kill the bacteria and promote wound healing, and exhibited comparable potency to levofloxacin in the skin wound infection therapy.
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FIGURE 4. The therapeutic effects of S1, S2, and S3 in mice skin wound infection. Skin wound bacterial burden on days 0, 1, 3, 5, 7, and 10 in mice skin infected by (A) E. coli (CMCC44103), (B) E. coli (SYPB-3820), and (C) S. aureus (CMCC26003). *, **, *** represent p < 0.05, p < 0.01, and p < 0.001, respectively.


On the other hand, the effects of S1, S2, and S3 on promoting skin wound healing against pathogen infection were shown in Figure 5. On day 1 of treatment, the wounds were all severely infected; on days 3–5, the redness and swelling of wounds in the S1, S2, S3, and levofloxacin treated groups began to decrease significantly, while the model groups (untreated with any drugs) had no visible improvement. On day 7, the redness and swelling of the wounds subsided and began to form scabs in the treatment groups, while the model groups recovered very slowly. On day 14, the wounds of the treated groups were basically completely healed, obviously better than the model groups. The blank group (wounds that were not infected by any bacteria and were not treated by any drugs) were also healed completely. In conclusion, S1, S2, and S3 can significantly decrease the bacterial burden and promote skin wound healing, and the antibacterial effect was comparable to levofloxacin, which indicated that S1, S2, and S3 have potential as new antibacterial agents.
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FIGURE 5. The effects of S1, S2, and S3 on promoting wound healing. The healing of wounds on days 1, 3, 5, 7, 10, 12, and 14 in mice skin infected by (A) E. coli (CMCC44103), (B) E. coli (SYPB-3820), and (C) S. aureus (CMCC26003).




Mechanism Study

To investigate the bactericidal mechanism of the AMPs obtained by MultiDS screening, S1, S2, and S3 were selected as the representatives to act against E. coli (CMCC44103), E. coli (SYPB-3820), and S. aureus (CMCC26003), respectively.


Acridine Orange/Propidium Iodide Double Staining Assay

Acridine Orange/Propidium Iodide double staining was observed under fluorescence microscopy. As shown in Figures 6A1-1,A2-1,B1-1,B2-1,C1-1,C2-1, all the bacteria (treated or untreated with AMPs) showed green fluorescence under the excitation of 488 nm, indicating that AO can penetrate all cell membranes. Compared to the control groups (Figures 6A1-2,B1-2,C1-2) did not show orange fluorescence, the treated groups (Figures 6A2-2,B2-2,C2-2) manifested a bright orange fluorescence under the excitation of 535 nm, indicating that PI had entered bacteria and combined with DNA. The merged microscopic images (Figures 6A1-3,A2-3,B1-3,B2-3,C1-3,C2-3) showed that the untreated control strain cells appeared green and the AMP treated cells appeared yellow, indicating the cell membrane of control strain were intact and that of AMP treated strain were damaged. Since PI cannot enter the intact cell membranes but only pass through the damaged membranes, it is speculated that S1, S2, and S3 destroyed the bacterial cell membranes and enhanced the cell permeability.


[image: image]

FIGURE 6. AO/PI double staining assay. The bacteria stained with AO (A1-1,A2-1,B1-1,B2-1,C1-1,C2-1) and PI (A1-2,A2-2,B1-2,B2-2,C1-2,C2-2) were photographed under the excitation of 488 and 535 nm, respectively; the merge (A1-3,A2-3,B1-3,B2-3,C1-3,C2-3) was fusion-fluorescence imaging under the excitation of 488 and 535 nm. The scale bar is 10 μm.




Inner Membrane Permeability Assay

To investigate the destructive effect of peptides on the cell cytoplasmic membrane, an inner membrane (IM) permeability assay was performed. If a peptide destroyed the cytoplasmic membrane and induced cellular permeabilization, the extracellular substrate ONPG would enter the cell and be degraded into o-nitrophenol by the β-galactosidase from the inner membrane, then the product o-nitrophenol could be detected at 420 nm. As shown in Figures 7A,B, the absorbance at 420 nm increased in groups S1 and S2 at the concentration of 1 × MIC and 4 × MIC faster than that of the negative control (0.5% NaCl), indicating that S1 and S2 could improve the membrane permeability of E. coli (CMCC44103) and E. coli (SYPB-3820), respectively. The absorbance of 4 × MIC was higher than that of 1 × MIC, indicating the destructive effect of S1 and S2 was concentration-dependent. The absorbance of the positive control (1% Triton X-100) increased rapidly in the first hour, while that of the negative control (0.5% NaCl) raised slowly. The reason may be attributed to ONPG entering intact E. coli cells slowly, but penetrating into the damaged cell quickly. As for S. aureus (CMCC26003), no change in absorbance was detected at 420 nm whatever treated with S3, 1% Triton X-100 or 0.5% NaCl, this may be related to the low or no expression of β-galactosidase in S. aureus.


[image: image]

FIGURE 7. Absorbance curve at 420 nm of ONPG hydrolyzed by β-galactosidase. (A) E. coli (CMCC44103) was treated with S1, (B) E. coli (SYPB-3820) was treated with S2.




Outer Membrane Permeability Assay

To assess the OM permeabilization by AMPs, the NPN assay was carried out. The hydrophobic probe NPN can bind to the hydrophobic part of the bacterial outer membrane and produces a strong fluorescence at 420 nm in hydrophobic environments. As observed in Figure 8, the fluorescence of group S1 (Figure 8A), S2 (Figure 8B), S3 (Figure 8C), and positive control (1% Triton X-100) increased rapidly within the first minute and slowly thereafter, but all were higher than the negative control (0.5% NaCl). Meanwhile, the excitation levels showed concentration dependence. The results indicated that S1, S2, and S3 disrupted the outer membrane of the bacteria and promoted permeability.


[image: image]

FIGURE 8. NPN uptake assay. (A) E. coli (CMCC44103) was treated with S1, (B) E. coli (SYPB-3820) treated with S2, (C) S. aureus (CMCC26003) treated with S3.




Peptide and DNA Binding Assay

Peptide and DNA binding assay was tested to assess peptide-induced inhibition of genomic DNA migration. As shown in Figure 9, after incubation of S1 with the DNA of E. coli (CMCC44103) (lanes 3–7), S2 with E. coli (SYPB-3820) (lanes 10–14), S3 with S. aureus (CMCC26003) (lanes 17–21) and negative control (without peptide incubation, lanes 2, 9, 16), all the DNA migrations were obvious without blocking or trailing phenomenon, and no DNA remained in the sample ports, which meant S1, S2, and S3 did not bind to bacterial genomic DNA. On the contrary, the positive group (lanes 8, 15, 22) showed DNA aggregated in the loading holes without migration, indicating that the positive control, Penetratin, bound with the bacterial genomic DNA and blocked the migration as the precious report (de Mello et al., 2019). The experiment proved that S1, S2, and S3 did not exert antibacterial effects through interference with genomic DNA.
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FIGURE 9. DNA binding assay. Line 1 (M) was the Trans2K Plus II DNA marker; Lines 2, 9, and 16 (C–, negative control) were the genome DNA untreated with AMP; Lines 8, 15, and 22 (C+, positive control) were the genome DNA treated with Penetratin; Lines 3–7, 10–14, and 17–21 were the DNA of E. coli (CMCC44103), E. coli (SYPB-3820), and S. aureus (CMCC26003) treated with S1, S2, and S3, respectively, under a concentration gradient of 1, 2, 4, 8, and 16 μg/ml.




Nucleic Acid Leakage Assay

The nucleic acid leakage assay was conducted to investigate the effect of peptides on bacterial cell membranes integrity by detecting the UV absorption of intracellular nucleic acid leakage at 260 nm. As shown in Figure 10, the absorbance of all the negative control was close to 0, indicating the bacterial cell membrane was intact. After being treated with S1, S2, and S3, the absorbance at 260 nm was obviously changed with the time course. The absorbance of 4 × MIC groups rose rapidly in the first 3 h, then slowed down and approached a plateau after 4 h. It meant the high concentration of S1, S2, and S3 could cause rapid cell membrane disintegration and produce cellular content leakage. Correspondingly, although the absorbance of 1 × MIC groups was lower than that of 4 × MIC groups, it was still higher than that of the negative groups, indicating S1, S2, and S3 could still damage the cell membrane at the concentration of 1 × MIC.
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FIGURE 10. Nucleic acid leakage assay. (A) E. coli (CMCC44103) treated with S1, (B) E. coli (SYPB-3820) treated with S2, (C) S. aureus (CMCC26003) treated with S3.




Scanning Electron Microscope Observation

The scanning electron microscope (SEM) was used to observe the damage to the cell membrane. As shown in Figures 11A,C,E,A+,C+,E+ (the partial enlarged detail), E. coli (CMCC44103), E. coli (SYPB-3820) and S. aureus (CMCC26003) untreated with peptides showed bright and smooth surface. After being treated with peptides at 2 × MIC for 2 h, the morphology was irregular and dented, and the vast majority of the bacterial surface became rough, wrinkled, and was seriously damaged. The cellular membrane breakage and disintegration further induced content leakage and bacteria adhesion (Figures 11B,D,F,B+,D+,F+).
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FIGURE 11. SEM observation of bacterial morphology. (A,C,E) Was untreated E. coli (CMCC44103), E. coli (SYPB-3820), and S. aureus (CMCC26003). (A+,C+,E+) Were the partial enlarged details of (A,C,E), respectively. (B,D,F) Were E. coli (CMCC44103), E. coli (SYPB-3820), and S. aureus (CMCC26003) treated with S1, S2, and S3, respectively. (B+,D+,F+) Were the partial enlarged details of (B,D,F), respectively.




Transmission Electron Microscopy Observation

The morphological and intracellular alterations of bacteria treated with AMPs were observed by using transmission electron microscopy (TEM). As shown in Figures 12A–C, the cellular surface of control bacteria without peptide treatment was intact and smooth. On the contrary, the surface morphology of E. coli (CMCC44103) treated with S1, E. coli (SYPB-3820) with S2, and S. aureus (CMCC26003) with S3 had dramatic changes. The cell boundary became irregular and blurred, and the collapse of the cell membrane resulted in the leakage of cell contents and dispersion of cell debris (Figures 12D–F).
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FIGURE 12. TEM observation of bacterial morphology. (A) E. coli (CMCC44103), (B) E. coli (SYPB-3820), (C) S. aureus (CMCC26003), (D) E. coli (CMCC44103) treated with S1, (E) E. coli (SYPB-3820) treated with S2, (F) S. aureus (CMCC26003) treated with S3.






DISCUSSION

With the rapid development of computer technology and bioinformatics, the discovery of novel AMPs by computer-assisted screening has been widely used, and more than 30 prediction methods based on diverse data quality, various core algorithms, and evaluation strategies have been put forward (Xu et al., 2021). However, most of the current studies mainly focus on the mining of AMPs from proteome or open reading frames of genomic sequence. Few studies have explored the whole genome, including introns and exons as screening targets. In order to accelerate the discovery of novel and effective AMPs, this work firstly constructed a high-through versatile AMP screening system from three aspects of parameters, strategies, and algorithms, and then comprehensively screened and systematically evaluated the huge peptide library derived from the six-frame translation of the global human genome to predict α-helical AMPs in silico.

Among the 59 parameters, 28 parameters were derived from literature, 23 parameters were obtained after normalization or unnormalization, and eight parameters were created for the first time in this work. When using multiple parameters, the combination of reasonable strategies can improve the screening efficiency and hit ratio, otherwise, it will produce huge calculations and increase the difficulty of screening. The decision-tree-like screening model is the key to improving the efficiency of screening AMPs from huge DNA or amino acid sequences. It is suitable to realize step-by-step screening through binary classification and to improve the hit rate by multiple parameters filtering. On the other hand, the multiple parameters filtering system is beneficial for the evaluation of peptides from multiple facets. The MD index, as the core part of the MultiDS system, is proposed based on the WP method, which contributed to the synthetic assessment of AMPs by various parameters from a holistic perspective. Through the evaluation of the MD index, the peptides are assessed in terms of getting a comprehensive score based on the performance of their parameter values and weights, thereby avoiding some parameters from being too influential to conceal other weak parameters. The frequency of the amino acid that appeared in the first place (N-terminal) showed obvious preference. Some kinds of amino acids appeared more frequently, just like “hot-spots,” showing this type of amino acid may be associated with the activity of peptide. Hence, the FAAP was used in this work to shrink the AMPs pool in the last step to improve the hit ratio.

In the screening process, the boundary value of each parameter is not fixed and can be adjusted according to the amount of data to be screened. If the object is large samples, tighter boundary values can improve the screening efficiency; if the object is small samples such as microbial genome, moderately broad boundary values may be helpful to improve the coverage of screening targets. Therefore, the MultiDS system was an open screening and evaluation system, and the parameter value range can be adjusted according to the capacity of the screening sample.

Although several computational methods have been taken to screen AMPs from various samples (Li et al., 2018; Porto et al., 2018; Tan et al., 2019; Sharma et al., 2021), the systematic screening of encrypted AMP from the global human genome has not been performed. In this study, 337 peptides with 15–25 amino acid residues were screened out from the entire human genome including intron and exon with a high MD score (≥65) by the MultiDS system, and 60 entities were synthesized to test the antimicrobial activities. As the results in Table 1 states, 98.3% of entities showed activity against pathogen (MIC ≤ 64 μg/mL), 90% of entities have moderate activity with a MIC of 8 μg/mL, and 40% of entities have strong activity with a MIC of 2 μg/mL, which is superior to the recently reported computational methods. Liu et al. (2018) established an activity prediction method based on the predicted 3D descriptors of AMP, in which, the antibacterial effect of the novel AMPs designed by this method was from 32 to 512 μg/ml. Kavousi et al. (2020) utilized the 13C-NMR spectral of amino acid combined with the physicochemical properties of AMPs, such as amino acid acidity and basicity, size, charged percentages, and so on, to establish a computational approach to predict AMPs, and the result showed a 95% accuracy but no detailed antimicrobial activity released. The artificial intelligence method reported by Torres et al. (2021) to predict AMP from human proteome showed a 63.6% hit rate, and 55 synthesized representative peptides showed MIC values from 0.39 to 128 μg/mL against pathogens. By contrast, the MultiDS system allows for the high-through mining of novel AMPs from global genome sequences with a 98.3% hit ratio. As expected, the mechanism study verified the AMPs destroyed the integrity of the cell membrane and resulted in the leakage of bacterial contents. Furthermore, the mouse model of skin wound infection revealed that S1, S2, and S3 had a significant effect on promoting skin wound healing caused by Gram-negative bacteria (E. coli and resistant E. coli) and Gram-positive bacteria (S. aureus), and their effects were comparable to that of the positive control drug levofloxacin.

The MultiDS system opens up a new route for the rapid discovery of candidate antibiotics from the global genome sequence, and also provides a new strategy for improving the hit rate with better predictive performance. The identification of correlation between parameters and MIC values quantitatively provides the effects of different parameters on the antimicrobial activity, which brings a new perspective for optimizing the existing AMPs to improve their antibacterial activity through comprehensive system analyses. Of course, there is considerable room for improvement in optimizing the screening system because the MultiDS system is a primary and open system at this stage. With the continuous development in the AMPs prediction field and accumulation of experimental data, the MultiDS system will be further refined and provide valuable screening methods to accelerate the discovery of AMPs.
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Ageratina adenophora, as an invasive and poisonous weed, seriously affects the ecological diversity and development of animal husbandry. Weed management practitioners have reported that it is very difficult to control A. adenophora invasion. In recent years, many researchers have focused on harnessing the endophytes of the plant as a useful resource for the development of pharmacological products for human and animal use. This study was performed to identify endophytes with antibacterial properties from A. adenophora. Agar well diffusion method and 16S rRNA gene sequencing technique were used to screen and identify endophytes with antibacterial activity. The response surface methodology and prep- high-performance liquid chromatography were used to determine the optimizing fermentation conditions and isolate secondary metabolites, respectively. UV-visible spectroscopy, infrared spectroscopy, nuclear magnetic resonance, and high-resolution mass spectrum were used to determine the structures of the isolated metabolites. From the experiment, we isolated a strain of Bacillus velezensis Ea73 (GenBank no. MZ540895) with broad-spectrum antibacterial activity. We also observed that the zone of inhibition of B. velezensis Ea73 against Staphylococcus aureus was the largest when fermentation broth contained 6.55 g/L yeast extract, 6.61 g/L peptone, 20.00 g/L NaCl at broth conditions of 7.95 pH, 51.04 h harvest time, and a temperature of 27.97◦C. Two antibacterial peptides, Cyclo (L-Pro-L-Val) and Cyclo (L-Leu-L-Pro), were successfully extracted from B. velezensis Ea73. These two peptides exhibited mild inhibition against S. aureus and Escherichia coli. Therefore, we isolated B. velezensis Ea73 with antibacterial activity from A. adenophora. Hence, its metabolites, Cyclo (L-Pro-L-Val) and Cyclo (L-Leu-L-Pro), could further be developed as a substitute for human and animal antibiotics.

Keywords: Ageratina adenophora, endophytes, Bacillus velezensis Ea73, secondary metabolites, antibacterial compound


INTRODUCTION

The abuse of antibiotics over the past few years has led to the emergence of drug-resistant pathogens, resulting in serious health complications in humans and animals (Ding et al., 2016; Chernov et al., 2019). Due to this setback, the search for new and effective antibiotics from natural sources has become an alternative strategy over the past few decades. The main sources of natural antibiotics are animals and plants. However, due to challenges, such as the bulky nature, slow-growing, endangered species, and high cost, associated with the use of animal and plant resources in excessive development of antibiotics, microorganisms may serve as the best alternative for harnessing pharmacological bioactive compounds for the development of drugs for both human and animal use because they are easy to handle and cheap to produce (Wen et al., 2022).

Studies have showed that endophytes are ubiquitous in all kinds of plants and are rich in species (Hallmann et al., 2011). They produce many secondary metabolites with various biological activities such as antibacterial and antitumor. They also enhance plant resistance to diseases and insect pests (Strobel et al., 2004; Tosi et al., 2021). Therefore, endophytes are a perfect alternative for the identification and production of antibacterial compounds.

The invasive nature of Ageratina adenophora (Spreng). R. M. King et H. Rob. is attributed to the plant's strong adaptability and breeding ability (Kong et al., 2017). The plant secretes allelochemicals that inhibit the growth of other plants, thereby forming a single dominant community and eventually destroying the ecological structure (Mcgeoch et al., 2010). A. adenophora has caused serious health conditions in animals, which has resulted in huge economic losses in the agriculture, forestry, and animal husbandry sectors (He et al., 2016; Tripathi et al., 2018; Okyere et al., 2020, 2021a; Cui et al., 2021; Ren et al., 2021a,b). Over the past few years, various control measures and strategies were developed to reduce the spread of A. adenophora; however, these programs have not yielded good results, and therefore, the utilization of the plant's resources (such as plant parts, extracts, metabolites, and endophytes) for the benefit of mankind has been the research direction over the past few years (Wan et al., 2010; Okyere et al., 2021b, 2022). A. adenophora has shown many biological activities such as insecticidal (Samuel et al., 2014), antibacterial (Yao et al., 2019), antitumor (Liao et al., 2014), antivirus (Jin et al., 2014), and antioxidation (Zhang et al., 2013).

Microorganisms have a complex symbiotic relationship with plants (Trivedi et al., 2020). Numerous studies have reported that endophytes produce similar secondary metabolites just as their host plant (Tanapichatsakul et al., 2018, 2019). Therefore, we hypothesized that endophytes from A. adenophora may possess antimicrobial activity, thus requiring investigation.

Ageratina adenophora endophytes have showed various biological activities. For example, a study by Jiang (2010) revealed that Bacillus megaterium isolated from A. adenophora showed growth-promoting activity (Jiang, 2010). Another study also reported that Arbuscular mycorrhizal fungi from A. adenophora had heavy metal repair activity (Kang, 2010). Fungi endophyte (Coniochaeta sp. F-8) also showed antioxidant activity (Fu et al., 2021). However, studies on the isolation of antibacterial endophytes and their metabolites from A. adenophora are limited; therefore, this study was performed to isolate antibacterial bacteria endophytes and their major metabolites from A. adenophora. This study will help us identify bacterial endophytes with antibacterial properties from A. adenophora to help in the development of probiotics and antibacterial drugs.



MATERIALS AND METHODS


Plant Sample, Chemicals, and Reagents

Leaves, roots, stems, and flowers of A. adenophora were collected from Wangsuo Village, Cangzhou Street, Dechang County, Liangshan Yi Autonomous Prefecture, Sichuan Province (102°15′20″ E and 27°20′11″ N; elevation = 2,152 m). The samples were confirmed as A. adenophora by Prof. Chao Hu, Department of Botany, Sichuan Agricultural University. Culture media were purchased from Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China. Escherichia coli ATCC 35218, Salmonella tropina H9812, Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae CMCC 46109, and Staphylococcus aureus CPCC 140594 were obtained from the College of Veterinary Medicine (Professor Xueqin Ni's lab), Sichuan Agricultural University, China.



Isolation of Endophytic Bacteria

The fresh root, stem, leaf, and flower tissues of A. adenophora were washed with sterile water, then soaked in 3% NaClO for 3 min, 0.1% HgCl2 for 3 min, 75% ethanol for 3 min. Afterward, they were washed with sterile water five times and dried with sterile filter paper (Liang et al., 2009). The tissues were cut into 1 cm × 1 cm pieces with a sterile knife and plated on LB agar medium. After 2–3 days of culture in an incubator at 30 ± 2°C, the growing colonies were isolated and purified by cross-streaking on LB agar plates until pure strains were obtained.



Screening of Antibacterial Activity

The indicator microorganisms used for antimicrobial activity assays throughout this study were E. coli ATCC 35218, S. tropina H9812, P. aeruginosa ATCC 27853, K. pneumoniae CMCC 46109, and S. aureus CPCC 140594. The indicator microorganisms were inoculated in LB broth and cultured at 37 ± 2°C in a 150 r/min shaker until it reached a logarithmic phase of about 14 h. After centrifugation at 4,000 r/min, the bacterial precipitates were collected and adjusted to a concentration of 1 × 106 CFU/ml with sterile normal saline to form the pathogen suspension. The endophytic bacteria with antibacterial activity were screened by well diffusion method (du Toit and Rautenbach, 2000). Then, 60 μl sterile fermentation liquid was loaded into each well. Sterile normal saline was used as blank control. After incubation at 30 ± 2°C for 24 h, the inhibitory zone diameter (mm) was measured using a Vernier caliper. The experiment was repeated three times.



Identification of Endophytic Bacteria
 
Morphological Identification

Strain Ea73 was inoculated on LB agar and cultured at 37 ± 2°C for 24 h. Morphological characteristics of the colony were observed using microscopy, and Gram staining was performed using Gram Stain Kit (Haibo Biotechnology Co., Ltd., Qingdao).



Molecular Identification

Endophytic bacterial isolate that exhibited antimicrobial activity was identified based on 16S rRNA sequence. The primers used to amplify the 16S rRNA sequence of the strain were 27F: 5′-AGAGTTTGATCCTGGCTCAG-3′ and 1492R: 5′-GCTTACCTTGTTACGACTT-3′. PCR amplification system (25 μl): template DNA 2 μl, 2 × Taq PCR Master Mix 12.5 μl, primer 27F (10 μmol/L) 1 μl, primer 1492R (10 μmol/l) 1 μl, DD H2O 8.5 μl. PCR reaction conditions: 95°C for 10 min. There were 35 cycles at 95°C for 1 min, 56°C for 30 s, 72°C for 2 min, 72°C for 10 min (Amin et al., 2020). The amplified products were sent to Youkang Biological (Chengdu) Co., Ltd. for sequencing and splicing. Consensus sequences were analyzed using BLASTN available from the National Center of Biotechnology Information (NCBI) website. Identity of endophytic bacteria was based on the percentage of homology to sequences available in the database. Further, MEGA 6 software was used to construct the phylogenetic trees using neighbor-joining and maximum parsimony method based on bootstrap values (1,000 replications) (Dereeper et al., 2010). The 16S rRNA gene sequence (1,497 bp) was submitted to NCBI GenBank with accession id MZ540895.




Fermentation Condition Optimization
 
Optimization of Medium Composition

Taking the inhibitory zone diameter for S. aureus as an indicator, single-factor test was used to select the best carbon source, nitrogen source, inorganic salt, and their optimal concentration. The procedures are as follows.


Optimization of Carbon Source

The carbon source in LB medium was replaced with yeast extract, glucose, soluble starch, sucrose, and mannitol, and the best carbon source was selected under the same conditions. The optimal carbon source concentration was determined by adding different concentration gradients of 2.0, 5.0, 10.0, 15.0, 20.0, and 25.0 g/L, respectively.



Optimization of Nitrogen Sources

The nitrogen source in LB medium was replaced with tryptone, peptone, beef extract, (NH4)2SO4, and urea, and the best nitrogen source was selected under the same conditions. The optimal nitrogen source concentration was determined by adding different concentration gradients of 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 g/L, respectively.



Optimization of Inorganic Sources

The inorganic salt in LB medium was replaced with NaCl, MgSO4, KCl, CuSO4, and CaCl2, and the best inorganic salt source was selected under the same conditions. The optimal inorganic salt concentration was determined by adding different concentration gradients of 5.0, 10.0, 15.0, 20.0, 25.0, and 30.0 g/L, respectively.

According to the single-factor results, a Box-Behnken central composite design principle with carbon source (A), nitrogen source (B), and inorganic salt (C) as independent variables, and inhibitory zone diameter as response value, was adopted for carrying out a three-factor and three-level response surface test design. The results were statistically analyzed using Design Expert 7.0 statistical software (Sun et al., 2009).




Optimization of Fermentation Parameters

Taking the inhibitory zone diameter for S. aureus as an indicator, single-factor test was used to select the best fermentation initial pH, temperature, and time of medium. The procedures were as follows.


Fermentation pH

On the basis of optimal medium composition, pH was adjusted to 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0, respectively, and fermentation at 30°C for 48 h, to determine the best initial pH.



Fermentation Temperature

On the basis of optimal medium composition, pH was adjusted to 7. Fermentation was conducted at 24, 27, 30, 33, 36, and 39°C for 48 h to determine the optimal fermentation temperature.



Fermentation Time

On the basis of optimal medium composition, pH was adjusted to 7 and temperature to 30°C. Fermentation time of 24, 48, 72, 96, and 120 h, respectively, was used to determine the best fermentation time.

According to single-factor results, a Box-Behnken central composite design principle with initial pH (A), temperature (B), and time (C) as independent variables, and the inhibitory zone diameter as the response value, was adopted. Design Expert 7.0 statistical software was used to analyze the experimental results, and the optimal fermentation parameters were obtained (Sun et al., 2009).




Isolation and Identification of Antibacterial Metabolites

Ea73 strain was activated and fermented under the optimum fermentation conditions. After the fermentation, the broth was broken by ultrasonic wave (40 Hz, 20 min), and the organic phase was collected by multiple extraction with ethyl acetate, and concentrated to dry at 45°C with rotary evaporator. The extractum was subjected to silica gel column chromatography with stepwise elution of chloroform:methanol (30:1, 20:1, 10:1, 6:1, 1:1; v/v). All eluted fractions were separately collected and concentrated using an evaporator. The fraction (20:1) was separated by gel filtration on Sephadex LH-20 column using running phase of 100% methanol. The eluted components were further purified by prep-high-performance liquid chromatography (HPLC) (Agilent 1260 series HPLC system):preparative reversed-phase column (10 μm, 250 mm × 20 mm), at a flow rate of 10 ml/min, methanol:H2O (25: 75, v/v), and UV detection at 210 nm. The purity of the separated compounds was further detected by HPLC (Agilent 1260 series HPLC system):C18 column (5 μm, 4.6 × 150 mm) at a flow rate of 1.0 ml/min, methanol-water (20–100% methanol in water over 8.0 min followed by 100% methanol to 13.0 min), and UV detection at 210 nm.



Structural Identification

The structures of the two compounds were characterized using UV, infrared (IR), nuclear magnetic resonance (NMR), and high-resolution mass spectrum (HRMS). UV-visible spectrophotometer (AOI Instrument Co. Ltd., A390, Shanghai, China) was used to measure the UV-Vis spectra of the systems in this work. The Fourier-transform infrared spectroscopy (FTIR) spectrum, obtained from a Fourier transform infrared spectrometer (FTIR-840OS, Shimadzu, Japan), was used to identify functional groups. The structure of the compounds was determined using NMR spectroscopy (Bruker DRX 500 NMR instrument, Bruker, Rheinstetten, Germany) equipped with a 2.5 mm microprobe. NMR spectrometer using CDCl3 was deployed to measure 1H and 13C NMR. HRMS was performed on a Thermo Scientific Exactive Orbitrap LC-Mass Spectrometer with an electrospray ionization mode.



Antibacterial Assay

Minimum inhibitory concentration (MIC) evaluation of compounds (1 and 2) was carried out in a 96-well plate according to the standard microdilution method. E. coli and S. aureus were used for this assay. The sterilized 96-well plates were taken from the 1st to the 11th rows from left to right, and 100 μl of sterilized MH medium was loaded into each well. This was done in triplicate. Afterward, 100 μl of the tested compound in the adjusted concentration was loaded into the second well. Then, it was continuously diluted to the 11th well. Afterward, 100 μl of mixture in the 11th well was discarded. Finally, 25 μl of the tested strain suspension was added to make the final concentration of the compound 512, 256, 128, 64, 32, 16, 8, 4, 2, and 1 μg/ml. Both blank control and positive control had no tested compound. Using the obvious growth of the negative control wells as an indicator, the sterile growth and non-turbidity holes in the 96-well plate were considered the MIC holes (Jeong et al., 2017).



Statistical Analysis

Statistical analysis of the data collected (from various independent experiments) was performed using SPSS 22 Statistical Analysis Software (SPSS Inc., Chicago, IL, USA). All experimental results are presented as mean ± SD, and statistical significance was determined by one-way analysis of variance (ANOVA) followed by Tukey's test. The values were significantly different at p < 0.05.



RESULTS



Screening of Strain Ea73

Out of the 95 endophytic bacteria that were isolated from the roots, stems, leaves, and flowers of A. adenophora, only 21 strains showed antibacterial activity after screening using the well diffusion method. These 21 strains had inhibitory effect on one or more pathogenic bacteria. However, strain Ea73 had universal antibacterial activity against all the five tested pathogenic bacteria used in this study with S. aureus being the most inhibited pathogenic bacteria (Table 1). Strain Ea73 was submitted for preservation in the China Center for Typical Culture Collection (CCTCC) on September 6, 2021, preservation number CCTCC M 20211139.


Table 1. Growth inhibitory zone diameter (mm) of pathogens with Ea73 bacteria isolated from Ageratina adenophora.

[image: Table 1]



Identification of Endophytic Bacteria

Strain Ea73 was a short rod-shaped and Gram-positive bacteria. It also showed colony morphology characteristics of milky white, round or oval, opaque, rough surface, neat edges, and smooth myxoid colonies. The 16S rDNA sequence of strain Ea73 was analyzed using BLAST with a known nucleic acid sequence in GenBank. The results showed that strain Ea73 was similar to Bacillus. In addition, phylogenetic analysis results showed that the strain was in the same minimum branch as Bacillus velezensis, whose accession number was NR116240 (Figure 1). Therefore, strain Ea73 was identified as B. velezensis and named as B. velezensis Ea73. The gene sequence was submitted to GenBank with accessory number MZ540895.


[image: Figure 1]
FIGURE 1. Phylogenetic tree of Bacillus velezensis strain Ea73.




Fermentation Condition Optimization
 
Optimizing the Medium Composition by Response Surface Methodology

Using a single-factor experiment, we observed that the best carbon source was yeast extract (5.0 g/L), nitrogen source was peptone (10.0 g/L), and the best inorganic salt was NaCl (15.0 g/L) (Figure 2). A response surface design was further applied when the optimal region for running the process was being identified. Taking carbon source (A), nitrogen source (B), and inorganic salt (C) as independent variables and the inhibitory zone diameter as response values, a three-factor and three-level response surface experiment was designed (Table 2).


[image: Figure 2]
FIGURE 2. Single-factor analysis of medium composition. Effect of various sources of carbon (A1); effects of different concentrations of yeast extract (A2); effect of various sources of nitrogen (B1); effects of different concentrations of peptone (B2); effect of various sources of inorganic salt (C1); effects of different concentrations of NaCl (C2). The values are presented as the mean ± SD. Bars with * differed significantly (n = 3, p < 0.05).



Table 2. Design and experimental results of Box–Behnken design (medium composition).

[image: Table 2]

The Design Expert software was used to perform quadratic multiple regression fitting for the experimental data (Table 3). The quadratic multiple regression model equation of R for each factor was represented as R = 34.14 + 0.60 A-0.49 B + 0.016 C + 0.18 AB-0.20 AC-0.83 BC-1.00 A2-0.96 B2 + 0.11 C2. The regression model was significant (p < 0.05), indicating that the experimental model was statistically significant. According to the p-value, the variables A, B, BC, A2, and B2 in the model had a significant effect on the inhibitory zone diameter (p < 0.05), indicating that there is no linear relationship between the experimental factors and the response value; however, the interaction of the primary term, quadratic term, and BC had a close relationship with the response value. Lack of fit was not significant (p > 0.05), indicating that the fitting degree of the experimental model was good, the selection of the model was reasonable, and the residual of the model may be a result of the random error in the experimental process. The correction determination coefficient [image: image] = 0.7738 of the model shows that 77.38% of the variation in the experiment was distributed in the factors of the equation, and the R2-value is 0.9192, indicating that there is a good fit between the measured value and the predicted value of inhibitory zone diameter. The model can be used to predict the actual situation of inhibitory zone diameter.


Table 3. ANOVA results of the quadratic model (medium composition).

[image: Table 3]

Figure 3 displays the response surface curves as interaction between the yeast extract, peptone, and NaCl on inhibitory zone diameter. It directly shows the response over a region of independent variables and the relationship between experimental levels of each factor. Each figure demonstrates the effect of two factors while the other factor was fixed at zero level. Figure 3A represents the effect of yeast extract concentration and peptone concentration on inhibitory zone diameter at a fixed NaCl concentration of 15.0 g/L. The results showed that the maximum response value was obtained when the yeast extract concentration was 7.0 g/L and peptone concentration was 9.0 g/L. The effect of yeast extract concentration and NaCl concentration on the inhibitory zone diameter at a fixed peptone concentration of 10.0 g/L is shown in Figure 3B. Decreasing the yeast extract concentration led to an increase in the inhibitory zone diameter, irrespective of the NaCl concentration. The response value that reached its highest point at yeast extract concentration was 7.0 g/L. Figure 3C shows the effect of peptone concentration and NaCl concentration on the inhibitory zone diameter at a fixed yeast extract concentration of 5.0 g/L. Increasing the concentration of NaCl resulted in an increase in the response surface. The response value reached its highest point at 7.0 g/L of peptone concentration and 20.0 g/L of NaCl concentration. Therefore, from the surface response graphs and the regression analysis of the equation, it was concluded that the optimal conditions for inhibitory zone diameter were located in the region where yeast extract, peptone, and NaCl concentration were 6.55, 6.61, and 20.00 g/L, respectively.


[image: Figure 3]
FIGURE 3. Response surface of inhibition zone under the interaction of peptone and yeast extract concentration (A); yeast extract and NaCl concentration (B); peptone and NaCl concentration (C).





Optimizing the Fermentation Parameters by Response Surface Methodology

The optimal initial pH, temperature, and time were selected using the composition of media in the “Optimizing the medium composition by response surface methodology” section. Using single-factor screening, we observed that the initial pH, temperature, and time of the center were 8, 27°C, and 48 h, respectively (Figure 4). Taking initial pH (A), temperature (B), and time (C) as independent variables and inhibitory zone diameter as response values, a three-factor and three-level response surface experiment was designed (Table 4).


[image: Figure 4]
FIGURE 4. Single-factor analysis of fermentation parameters. Effect of initial pH (A); effects of temperature (B); effect of time (C). The values are presented as the mean ± SD. Bars with * differed significantly (n = 3, p < 0.05).



Table 4. Design and experimental results of Box–Behnken design (fermentation parameters).
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The Design Expert software was used to perform quadratic multiple regression fitting for the experimental data (Table 5). The quadratic multiple regression model equation of R for each factor was represented as R = 40.47-0.010 A + 1.43 B + 1.02 C-0.29 AB + (5.000E-003) AC-0.72 BC-1.04 A2-2.10 B2-3.11 C2. The regression model was significant (p < 0.05), and the variables B, C, B2, and C2 in the model had a significant effect on the inhibitory zone diameter (p < 0.05). Lack of fit was not significant (p > 0.05). The correction determination coefficient was [image: image] = 0.7221 and the R2-value was 0.9192, indicating that the model could be used to predict the actual situation of inhibitory zone diameter.


Table 5. ANOVA results of the quadratic model (fermentation parameters).
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Figure 5 displays the response surface curves from the interaction among initial pH, temperature, and time on inhibitory zone diameter. Figure 5A represents the effect of original pH and temperature on zone of inhibition at a fixed time of 48 h. The results showed that the maximum response value was obtained when pH was 8 and temperature was 28°C. Figure 5B also represents the effect of original pH and time on inhibitory zone diameter at a fixed temperature of 27°C. The result showed that the maximum response value was obtained when the original pH was 8 and time was 51 h. Figure 5C represents the effect of original pH and time on inhibitory zone diameter at a fixed pH of 8. We observed that the maximum response value was obtained when the temperature was 28°C and time was 51 h. Therefore, from the surface response graphs and the regression analysis of the equation, it was concluded that the optimal conditions for inhibitory zone diameter were located in the region where initial pH, temperature, and time were 7.95, 27.97°C, and 51.04 h, respectively.


[image: Figure 5]
FIGURE 5. Response surface of inhibition zone under the interaction of pH and temperature (A); pH and time (B); temperature and time (C).


In conclusion, the results showed that the yield of antibacterial metabolites reached the maximum when the yeast extract was 6.55 g/L, peptone was 6.61 g/L, NaCl was 20.00 g/L, initial pH was 7.95, time was 51.04 h, and temperature was 27.97°C. Under these conditions, the inhibitory zone diameter of Ea73 fermentation broth against S. aureus reached 40.76 mm.




Isolation and Identification of Antibacterial Metabolites From B. velezensis Ea73

Using ethyl acetate, 4 L of fermentation broth was extracted, concentrated, and dried to obtain about 1 mg crude extract. The crude extract was further separated into five components (Fr1-Fr5) by silica gel column chromatography. After antibacterial activity and HPLC detection, the Fr4 components at 20:1 (chloroform/methanol) elution concentration were further separated into Fr4−1 and Fr4−2 by Sephadex LH-20 column. The two components were purified by the prep-HPLC, respectively. Compound 1 (3.4 mg) was obtained by collecting components at the retention time 4.19 min of Fr4−1. Compound 2 (5 mg) was obtained by collecting components at the retention time 4.58 min of Fr4−2. The purity of the two compounds was detected by HPLC. The purity of the compounds recorded was more than 98%, according to the peak area from the chromatogram (Figure 6).


[image: Figure 6]
FIGURE 6. HPLC profile of compounds on a reversed-phase C18 HPLC column. (A) Standard and compound 1 in fermentation broth; (B) standard and compound 2 in fermentation broth.




Characterization of Compound

Compound 1 was isolated as a white powder. The molecular formula of compound 1 was established as C10H16N2O2 by HRESIMS at m/z 197.1284 [M+H]+ (calculated for C10H16N2O2: 197.1282). The IR spectrum showed the characteristic absorption at 3,438 cm−1 and 1,656 cm−1, suggestive of imino group and carbonyl group, respectively. In the UV spectrum, there was no obvious ultraviolet absorption. 1H-NMR spectra showed that the active hydrogen signal in one amide was δ 6.07 (1H, s), and four hydrogen were between δ4.2 and 3.5, adjacent to the regions of nitrogen, in which 4.09–4.05 (m, 1H), and 3.95–3.90 (m, 1H) were simultaneously absorbed by carbonyl and nitrogen with a larger chemical shift; 3.67–3.59 (m, 1H), and 3.57–3.48 (m, 1H) were hydrogen on chiral carbon, and two double peaks near δ 1.0, 1.06 (d, J = 7.3 Hz, 3H), 0.90 (d, J = 6.8 Hz, 3H) belong to methyl hydrogen. 13C NMR carbon spectrum and DEPT spectrum give 10 carbon signals, including 2 methyl signals δ 19.23, 16.07; 3 methylene signals δ 45.15, 28.54, 22.38; and 3 methylene signals δ 60.40, 58.83, 28.39. Among them, δ 170.08, 164.94 was the carbonyl peak, and δ 60–40 was the leading carbon of nitrogen (Supplement Figure 1, Table 6). By comparing the above information with the literature (Pedras et al., 2005), compound 1 was determined to be (3S,8aS)-3-propan-2-yl-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione, also known as Cyclo (L-Pro-L-Val) (Figure 7A).


Table 6. 1H and 13C NMR data for compounds 1 and 2 (CDCl3, 500 MHz, δ in ppm).

[image: Table 6]


[image: Figure 7]
FIGURE 7. Chemical structure of cyclic dipeptides. Cyclo (L-Pro-L-Val) (A); Cyclo (L-Leu-L-Pro) (B).


Compound 2 was isolated as a white powder. The molecular formula of 2 was established as C11H18N2O2 by HRESIMS at m/z 211.1441 [M + H]+ (calculated for C11H18N2O2: 211.1438). The IR spectrum showed characteristic absorption at 3,430 and 1,660 cm−1, suggestive of imino group and carbonyl group, respectively. In the UV spectrum, there was no obvious ultraviolet absorption. The NMR spectrum of compound 2 was very similar to that of compound 1, with one more methylene (δ38.64) (Supplement Figure 2, Table 6). Based on NMR data and literature analysis (Pedras et al., 2005), compound 2 was determined to be (3S,8aS)-3-(2-methylpropyl)-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione, also known as Cyclo (L-Leu-L-Pro) (Figure 7B).



Antibacterial Assay of Two Compounds

The MIC values of the two compounds were determined using a 96-well plate assay. Both compounds were found to have inhibitory effects on E. coli ATCC 35218 and S. aureus CPCC 140594. Cyclo (L-Pro-L-Val) showed the MIC values of 512 and 256 μg/ml for E. coli and S. aureus, respectively, whereas Cyclo (L-Leu-L-Pro) showed an MIC value of 512 μg/ml for both two pathogenic bacteria.




DISCUSSION

In this study, B. velezensis was successfully isolated from A. adenophora, and its fermentation broth had general antibacterial activity against E. coli, Salmonella, P. aeruginosa, K. pneumonia, and S. aureus. B. velezensis have similar molecular characteristics to Bacillus amyloliquefaciens and Bacillus methylotrophicus (Rabbee et al., 2019). Due to its excellent biocontrol effect, Bacillus spp. have been useful in the field of agricultural production. Research on B. velezensis is mainly focused on promoting animal and plant growth, antagonizing pathogens, inducing systemic resistance, identifying bacteriostatic substances and their gene clusters, and antagonistic mechanism (Gao et al., 2017; Cao et al., 2018; Chen et al., 2018). In the prevention and control of plant diseases, B. velezensis has showed good antagonistic effect against many plant pathogenic fungi and bacteria, such as Alternaria solani, Phytophthora capsici, Fusarium solani, Botrytis cinerea Pers, Fusarium oxysporum, Streptomyces galilaeus, and Rhizoctonia solani (Ait Kaki et al., 2013; Kanjanamaneesathian et al., 2013; Lim et al., 2017). In animals, it has shown good inhibitory effect on common pathogens such as E. coli, Salmonella enteritis, Campylobacter jejuni, Listeria monocytogenes, Aeromonas hydrophila, Streptococcus agalactis, and Vibrio parahaemolyticus (Nannan et al., 2018; Yi et al., 2018). In this study, we observed that the fermentation broth of B. velezensis had good antibacterial effect, especially against S. aureus, with an inhibitory zone diameter of 32.16 ± 2.04 mm. Therefore, B. velezensis Ea73 is expected to be an important strain resource for the development of natural antibiotic products.

Fermentation broths do not only contain a small amount of metabolic active substances, but also a large number of impurities that affect the antimicrobial activity. The type and proportion of compounds in the culture medium affect the antimicrobial potency of the fermentation broth (Sanchez and Demain, 2002). Therefore, there is the need to investigate the ideal broth conditions that will yield the maximum antimicrobial activity. In this study, taking the inhibitory activity of fermentation broth against S. aureus as an index, a single-factor test combined with response surface analysis was used to optimize the proportion of culture medium and fermentation conditions of B. velezensis Ea73. The results showed that the inhibitory activity of strain Ea73 was affected in the order of yeast extract > temperature > peptone > time > NaCl > pH. In addition, inhibitory activities were effective when the yeast extract in the media was 6.55 g/L, peptone was 6.61 g/L, NaCl was 20.00 g/L, initial pH was 7.95, temperature was 27.97°C, and harvest time was 51.04 h. At these media conditions, the inhibitory zone diameter of strain Ea73 against S. aureus reached the maximum (which was 40.76 mm). Therefore, compared to the inhibitory zone diameter produced by fermentation broth before optimization, the antibacterial activity of strain Ea73 was significantly improved after optimization.

Studies have shown that B. velezensis has a remarkable ability to produce secondary metabolites with strong antimicrobial properties such as lipopeptides, surfactin, fengycin, and bacillomycin D, macrolactin, bacillaene, difficidin, or oxydifficidin; and peptides (Chen et al., 2015; Khalid et al., 2021b). However, the strain type, composition, and conditions of fermentation medium affect the yield and type of secondary antibacterial metabolites produced by various strains (Khan et al., 2017; Arokiyaraj et al., 2019). For example, Pournejati et al. (2019) optimized the fermentation conditions of B. velezensis RP137 and found that when rice starch and potassium nitrate were supplied to the strain RP137, it increased the production of aminoglycoside antibacterial metabolites. Khalid et al. (2021a) optimized the fermentation parameters (temperature, time, pH, and loaded liquid volume) for B. velezensis JTYP2 and found that all these parameters differently affected β-glucanase and protease production. The main antibacterial metabolites isolated by Nam and colleagues from B. velezensis NST6 was C15-bacillomycin D (Nam et al., 2021). Therefore, after optimizing the antibacterial activity of strain Ea73, we continued to isolate and purify its antibacterial metabolites.

The two antibacterial metabolites that were purified from the fermentation broth of B. velezensis Ea73 were identified as Cyclo (L-Pro-L-Val) and Cyclo (L-Leu-L-Pro) by NMR, IR, and HRMS. The above results were further confirmed by comparing the physical and spectral data of the two cyclic dipeptides (CDPs) with the values described in literatures. CDPs are formed by the internal cyclization of two amino acid amides, and a matrix of 2-diketo-piperazine or 2-dioxopiperazine (Saadouli et al., 2020). They are the simplest, naturally occurring cyclic forms of peptides, commonly biosynthesized by a large variety of living organisms and conserved in bacteria to humans (Bojarska et al., 2021).

Many studies have showed that CDPs possess a variety of biological properties such as antibacterial (Nishanth Kumar et al., 2012), antifungal (Ström et al., 2002), anticancer (Nishanth et al., 2014), neuroprotective (Bellezza et al., 2014), blood–brain barrier transporter (Teixidó et al., 2007), anticoagulation (Newman et al., 2003), anti-inflammatory (Minelli et al., 2012), and plant growth regulation activity (Ortiz-Castro et al., 2011). In this study, we observed that Cyclo (L-Pro-L-Val) and Cyclo (L-Leu-L-Pro) showed antibacterial effect on S. aureus and E. coli; however, it was not significant. This was similar to the results of Furtado et al. (2005), which isolated 7 CDPs [including Cyclo (L-Pro-L-Val) and Cyclo (L-Pro-L-Leu)] from Aspergillus fumigatus fermentation broth and reported that all the CDPs inhibited the growth of S. aureus and Micrococcus luteus at the concentration of 2.9 mmol/L. In other studies, the MIC value of Cyclo (L-Leu-L-Pro) against L. monocytogenes ATCC 19111 was found to be 512 μg/ml (Gowrishankar et al., 2016), whereas MIC value of Cyclo (Leu-Pro) on P. aeruginosa PAO1 was 250 μg/ml (Parasuraman et al., 2020). In contrast, Kaaniche et al. (2020) revealed that both Cyclo (Leu-Pro) and Cyclo (Val-Pro) demonstrated significant antibacterial activity against Agrobacterium tumefaciens ATCC 23308, L. monocytogenes ATCCC 19117, S. aureus ATCC 6538, and Salmonella typhimurium ATCC 14028, at MIC values of (10, 20, 20, 10) and (12, 20, 20, 10) μg/ml, respectively.

The differences in activity may be attributed to the absolute configuration. For example, a study by Kaaniche et al. (2020) showed that five CDPs [Cyclo (D-Phe-D-Pro), Cyclo (D-Leu-D-Pro), Cyclo (D-Pro-D-Val), Cyclo (D-Ile-D-Pro), and Cyclo (D-Phe-trans-4-OH-D-Pro)] with the D-configuration of the amino acid had different MIC values [Cyclo (D-Phe-L-Pro) had MIC value of 0.13 μg/ml, Cyclo (D-Phe-D-Pro) had MIC value of 0.03 μg/ml, and the diastereomer Cyclo (L-Phe-D-Pro) had MIC value of 0.10 μg/mL] against Vibrio anguillarum. Furthermore, comparing their stereoisomers, the authors pointed out that at least one D-amino acid was required for antibacterial activity. Although different combinations of D- and L-amino acids activate antibacterial activity, the DD-enantiomers have higher activity (Kaaniche et al., 2020). This was confirmed by Kumar et al. (2012), who reported that the MIC values of Cyclo (L-Leu-L-Pro) against S. aureus and E. coli were 32 and 250 μg/ml, respectively, whereas that of Cyclo (D-Pro-L-Leu) to the same bacteria were 64 and 32 μg/ml. These results indicated that, among the three enantiomers (LL, DL, and DD), the antibiotic activity of DD- enantiomers seems to be the highest, and the activity of D-amino acids is stronger than that of L-enantiomers. This confirms the report that D-amino acids are responsible for biofilm disassembly of Bacillus subtilis (Kolodkin-Gal et al., 2010; Hochbaum et al., 2011). However, the relationship between enantiomers and activity was not fully confirmed in this study, hence it needs further studies.

A large number of studies have shown that CDPs also have synergistic antibacterial effect. A study by Kumar et al. (2012) reported the synergistic activity of Cyclo (L-Pro-L-Leu), Cyclo (D-Pro-L-Leu), and Cyclo (D-Pro-L-Tyr) against bacteria in vitro. The combination of CDPs and amphotericin B or clotrimazole also had synergistic effect against Candida albicans in vitro (Kumar et al., 2013). Rhee (2004) studied the synergistic antibacterial effect of two CDPs Cyclo (L-Leu-L-Pro) and Cyclo (L-Phe-L-Pro) in vitro. The results showed that the combination of the two drugs could effectively inhibit the growth of vancomycin-resistant enterococci with MIC value of 0.25–1 mg/L. In addition, it also showed a strong inhibitory effect on pathogenic bacteria such as E. coli, S. aureus, and C. albicans at MIC value of 0.25–0.5 mg/L. Combination therapy can be used to expand the antimicrobial spectrum to prevent the emergence of resistant organisms. Therefore, the synergistic activity of CDPs can be developed and utilized to eliminate pathogens.

There is more to the development and utilization of CDPs as we can focus on the molecular self-assembly properties of CDPs. CDPs contains a six-membered cyclolactam ring with two amide bonds, in which functional groups could be presented at a total of six locations and four positions controlled by stereochemistry (Borthwick, 2012; Borgman et al., 2019). The diverse functional properties and applications arise from the unique structural attributes of CDPs, conformational rigidity, strong intermolecular interactions, proteolytic stability, biological relevance, and biocompatibility (Balachandra et al., 2021). Rationally designed CDPs have been utilized for the development of unique materials such as low-molecular-weight gelators (Kleinsmann and Nachtsheim, 2013), AIEgenic systems (Balachandra and Govindaraju, 2020), antioxidant CDPs (Manchineella et al., 2017), and quantum-confined materials (Tao et al., 2018). CDPs are also scaffold for the syntheses of various complex natural products (González et al., 2012). Overall, the structural and functional diversity of CDPs exemplify its significance and utility across the domains of chemistry, biology, and materials science.

In this study, we successfully isolated and characterized B. velezensis Ea73 from A. adenophora. B. velezensis Ea73 showed a strong antibacterial activity and genetic stability against E. coli, Salmonella, P. aeruginosa, K. pneumonia, and S. aureus. We also found that the maximum antibacterial activity was observed when the concentrations of yeast extract, peptone, and NaCl in the culture media were 6.55, 6.61, and 20.00 g/L, respectively, and the initial pH, harvesting time, and temperature of the culture media were 7.95, 51.04 h, and 27.97°C, respectively. Under these conditions, the inhibitory zone diameter of Ea73 fermentation broth against S. aureus reached 40.76 mm. Furthermore, two antibacterial peptides, Cyclo (L-Pro-L-Val) and Cyclo (L-Leu-L-Pro), were successfully isolated from B. velezensis Ea73. These two CDPs had mild antibacterial activity against S. aureus and E. coli. Therefore, we stipulated that A. adenophora contains antibacterial endophytes with numerous antibacterial metabolites that may serve as alternative sources for the development of natural antibiotics; however, further studies are still required to elucidate the complete mechanisms of action by confirming the efficacy of these two compounds through in vivo experiments.
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The threat of antibiotic resistance warrants the discovery of agents with novel antimicrobial mechanisms. Antimicrobial peptides (AMPs) directly disrupting bacterial membranes may overcome resistance to traditional antibiotics. AMP development for clinical use has been mostly limited to topical application to date. We developed a rational framework for systematically addressing this challenge using libraries composed of 86 novel Trp- and Arg-rich engineered peptides tested against clinical strains of the most common multidrug-resistant bacteria known as ESKAPE pathogens. Structure-function correlations revealed minimum lengths (as low as 16 residues) and Trp positioning for maximum antibacterial potency with mean minimum inhibitory concentration (MIC) of 2–4 μM and corresponding negligible toxicity to mammalian cells. Twelve peptides were selected based on broad-spectrum activity against both gram-negative and -positive bacteria and <25% toxicity to mammalian cells at maximum test concentrations. Most of the selected PAX remained active against the colistin-resistant clinical strains. Of the selected peptides, the shortest (the 16-residue E35) was further investigated for antibacterial mechanism and proof-of-concept in vivo efficacy. E35 killed an extensively-resistant isolate of Pseudomonas aeruginosa (PA239 from the CDC, also resistant to colistin) by irreversibly disrupting the cell membranes as shown by propidium iodide incorporation, using flow cytometry and live cell imaging. As proof of concept, in vivo toxicity studies showed that mice tolerated a systemic dose of up to 30 mg/kg peptide and were protected with a single 5 mg/kg intravenous (IV) dose against an otherwise lethal intraperitoneal injection of PA239. Efficacy was also demonstrated in an immune-compromised Klebsiella pneumoniae infection model using a daily dose of 4mg/kg E35 systemically for 2 days. This framework defines the determinants of efficacy of helical AMPs composed of only cationic and hydrophobic amino acids and provides a path for a potential departure from the restriction to topical use of AMPs toward systemic application.
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INTRODUCTION

The membrane-perturbing mechanism of many antimicrobial peptides makes an appealing case for their development as a potentially effective therapeutic source against infections associated with multidrug-resistant (MDR) bacteria (Casciaro et al., 2017; Magana et al., 2020). The magnitude of the crisis constituted by bacterial resistance to traditional antibiotics has elicited an immense effort to investigate such a diverse class of agents (de Breij et al., 2018; Mwangi et al., 2019), despite persistent biases against further antimicrobial peptide (AMP) development incited by the initial shortcomings of AMPs. Since their discoveries as the first line of the innate defense system against infectious pathogens over four decades ago, AMPs have been the subject of a vast literature, revealing thousands of natural AMPs across most life forms and extensive data on structure-function correlations (Bishop et al., 2017; Zouhir et al., 2017). Despite all these efforts, most classically synthesized AMPs, which are made with conventional amino acids, have failed some of the rigorous tests in advanced phases of clinical development. In addition, clinical development is typically directed toward local delivery to the sites of infection (de Breij et al., 2018; Jiang et al., 2019; Mourtada et al., 2019; Mwangi et al., 2019).

The lack of clinical evidence for systemic use after decades of research often leaves the AMP field with a sense that the expectations from the promising data on AMPs may never come to fruition. One apparent reason is that the AMP field only advances incrementally. In addition, while many discoveries seem promising, these advances often lead to scattered information that is sometimes repetitive without resulting in specific and definitive structure-function correlations, which would reduce the need for trial and error in AMP design and structural optimization. Nevertheless, the lack of clinical evidence for systemic in vivo efficacy of classical AMPs should not undermine the pioneering works on AMP mechanisms and structural optimization (Martin et al., 1995; Rozek et al., 2000; Lipsky et al., 2008; Nguyen et al., 2011). In particular, studies of Trp (W)-rich peptides using de novo-engineered (e.g., WLBU2) as well as natural and host-derived AMPs such as tritrpticin, indolicidin, LL37-derived SAAP-148 and ZY4 have led to the recognition of the therapeutic potential of W-based peptides in enhancing the antibacterial potency of AMPs (Deslouches et al., 2005b; Mwangi et al., 2019; Di et al., 2020). In in the last two decades, some of these studies have resulted in a conceptual shift from in vitro structure-function studies to proof of concept using small animal treatment models, with several AMPs now in clinical trials, including LL37 and WLBU2 (PLG0206) (Deslouches et al., 2007; Greber and Dawgul, 2017; Dijksteel et al., 2021). However, most of these in vivo efficacy studies tend to focus on topical use or local delivery of the peptides to the site of administration of the bacterial inoculum (de Breij et al., 2018; Di et al., 2020).

Another paramount challenge in AMP design is to increase antibacterial potency without markedly increasing the risk of host toxicity. This is partly due to varying degrees of trial and error in current approaches to AMP design. In this context, our central hypothesis is that antibacterial activity and toxicity to mammalian cells or host organisms can be effectively uncoupled by the complete dissection of the cationic amphipathic motif based on well-controlled differences in W content and positioning, length, charge, and hydrophobic residues. To address our hypothesis, we drew lessons from the fact that many structure-function studies using different host-derived AMP templates (e.g., SAAP-148 derived from LL37) do not necessarily result in generalized structure-function correlations partly because of the diversity in amino acid composition of such templates (de Breij et al., 2018). A plausible explanation is that these natural AMP templates already include amino acids that may not determine antimicrobial functions, as they are not typically hydrophobic or cationic. Instead, their presence in the primary sequences of these natural peptides may be associated with the multifunctionality of AMPs and influence the folding of the primary sequence in a way that may partially hinder optimization specific to antimicrobial function (Kumar et al., 2018; Levast et al., 2019). From an antimicrobial standpoint, we needed to control for these factors. To do so, we only used amino acids that are typically cationic or hydrophobic, which are more relevant to AMP amphipathic structure as determinants of antimicrobial properties. In addition, it was important to explore the well-studied role of W in overcoming many AMP limitations such as susceptibility to salt and serum as well as the lack of in vivo efficacy (Deslouches et al., 2020). Further, we retained Arg (R) over Lys because it is the most basic amino acid and shown to be effective in previous studies. It is in this context that we report herein a systematic assessment of the impact of W on selective potency against the most common MDR bacteria known as ESKAPE pathogens (Boucher et al., 2009; Deslouches et al., 2015). Toward this goal, we engineered (de novo) multiple W-based libraries of cationic peptide antibiotics (PAX, designated as a distinction from natural and other engineered AMPs), consisting of a total of 86 peptides in addition to several AMP and antibiotic controls. Our study elucidates measurable functional changes associated with minor structural differences to rationally achieve selective antibacterial properties in a way that does not appear to critically affect host toxicity. In vitro structure-function correlations resulted in rationally selected PAX candidates that displayed broad efficacy against MDR strains of ESKAPE pathogens, including antibiotic-resistant isolates (AR isolates) from the Center for Disease Control and Prevention (CDC). As proof of concept, one of the selected PAX was tested systemically and demonstrated the ability to mitigate an otherwise lethal infection induced by an MDR strain of Pseudomonas aeruginosa in mice.



MATERIALS AND METHODS


Reagents, Bacteria, and Antibacterial Assays

Bacterial media cation-adjusted Mueller Hinton Broth (MHB2) was obtained from Millipore Sigma (St Louis, MO, United States). Fixable live/dead stain and Propidium iodide (PI) were purchased from Thermo Fisher Scientific (Waltham, MA United States). All peptides were obtained in lyophilized form of 10 mg in a 1.5 mL vial from Genscript (NJ, United States) with HPLC/MS spectra corresponding to each designed primary sequence. Each peptide vial was labeled with a code name (E followed by a number) without sequence identity, including peptide controls (e.g., indolicidin) (Nielsen et al., 2019), and was dissolved by adding 1 mL filter-sterilized PBS to each peptide (10 mg/mL). The comprehensive names, which were used during the design of libraries, were only utilized after the analysis of the data. The traditional antibiotics and colistin were all purchased from Millipore Sigma (St Louis, MO, United States).

Bacterial clinical isolates, used for initial screening and in previous studies (Deslouches et al., 2013; Lin et al., 2018), were anonymously provided by the clinical microbiology laboratory of the University of Pittsburgh medical Center. The panel used for secondary screening was from CDC (2013) (Supplementary Table 3), with resistance profiles data. Bacteria are stored in lock-secured –80°C freezer and typically retrieved by obtaining single colonies on agar plates prior for subsequent liquid broth cultures. Suspensions of test bacteria were prepared from log phase of growth by diluting overnight cultures at 1:100 with fresh cation-adjusted MHB (MHB2, Millipore Sigma, United States) and incubating for additional 3–4 h. Bacteria were spun at 3,000 × g for 10 min and the pellet resuspended in test condition media (Millipore Sigma, United States) to determine bacterial turbidity using a Den-1B densitometer (Grant Instruments, United States) at 0.5 McFarland (unit of bacterial density) corresponding to 108 CFU/mL.

To examine antibacterial activity, we used minor modifications of a standard growth inhibition assay endorsed by the Clinical and Laboratory Standards Institute (CLSI), as previously described (Deslouches et al., 2013). Bacteria were incubated with each of the indicated peptides in MHB2. The bacterial cells were kept in an incubator for 18 h at 37°C, which is linked to a robotic system that feeds a plate reader every hour with one of 8 × 96-well plates. This set-up allows the collection of growth kinetic data at A 570 (absorbance at 570 nm) to examine growth inhibition in real time (BioTek Instruments, United States). We defined minimum inhibitory concentration (MIC) as the minimum peptide concentration that completely prevented bacterial growth, objectively indicated a flat (horizontal line) bacterial growth kinetic curve at A570. The assays are typically repeated a second time. If the MIC is different, a third experimental trial is performed to confirm the MIC. To assess bactericidal properties of the peptide, the assay was modified by using 15% fetal bovine serum (FBS, for a more physiologically relevant test condition) mixed with 25% MHB2 and 60% PBS. Bacterial cells (colony forming unit/mL or CFU/mL) were enumerated after incubating treated bacteria for 3 h and plating serially diluted samples on broth agar medium at 37°C overnight. Minimum bactericidal concentration (MBC) was determined as the peptide concentration at which complete bacterial killing was observed. For killing kinetics, we slightly modified the bactericidal assay to examine bacterial killing at the MBC (or 2× MBC) as a function of time for up to 3 hours. Data were analyzed using GraphPad Prism software.



Determination of Toxicity to Mammalian Cells

Toxicity to primary cells was examined using human red blood cells (RBCs) and peripheral mononuclear cells (PBMC or white blood cells) as previously described (Deslouches et al., 2016). Briefly, RBCs and WBCs were separated by histopaque differential centrifugation using blood anonymously obtained from the Central blood Bank (Pittsburgh, United States). For RBC lysis assay, the isolated RBCs were resuspended in PBS at a concentration of 5%. The peptides were serially diluted twofold in 100 μL of PBS prior to addition of 100 μL of 5% RBC to a final dilution of 2.5% RBC in order to ensure that the absorbance (570 nm) of hemoglobin does not surpass the maximum detectable absorbance of the plate reader. In parallel, the RBCs were treated with water at different concentrations to generate a standard curve of RBC lysis that was be used to determine the percent RBC lysis in the test samples. Experiments were independently conducted by three technicians to ensure reproducibility.

Human WBCs were treated with each selected peptide in RPMI and 10% FBS and incubated for 1 h at 37°C. The cells were then immediately washed with PBS at 1,000 g for 7 min, while in a round-bottom 96-well plate. After resuspension in PBS, we added fixable blue live/dead stain from Life Technologies according to the manufacturer’s instructions. The cells were again washed and resuspended in PBS to remove non-specific stain and then fixed with 4 % formaldehyde (Thermo Fisher Scientific) for 1 h. After washing with PBS, the samples were stored at 4°C overnight (in the dark) before examination by flow cytometry using the Novocyte flow cytometer (Agilent, United States). Peptide-treated samples were compared with untreated control for incorporation of the dye, and data were analyzed using the Novocyte analytical software. Dye incorporation was quantified as Percent toxicity directly determined by distinguishing live from dead populations (Deslouches et al., 2016), which was plotted using GraphPad (Prizm software).



Circular Dichroism Spectroscopy and Flow Cytometry

Synthetic lipids were purchased from Avanti Polar Lipids (Alabaster, AL, United States) in the lyophilized form and used as received. Cholesterol was from Nu-Chek-Prep (Waterville, MN, United States). HPLC grade organic solvents were from Sigma-Aldrich (St. Louis, MO, United States). Lipid membrane mimics were prepared by mixing stock solutions in chloroform to achieve the following lipid:lipid molar ratios. Gram-negative inner membrane: (7:2:1) 1-palmitoy-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE): 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(10-rac-glycerol) sodium salt (POPG): 10,30-bis-[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol sodium salt (TOCL, i.e., cardiolipin); Gram-positive cellular membrane: (6:1.5:1.5:1) POPG: 1,2-dioleoyl-3-trimethyl-ammoniumpropane chloride salt (DOTAP): POPE: TOCL; Euk33: (5:1:3) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC):POPE: cholesterol. Lipid stock solutions were vacuum dried, then hydrated in 15 mM PBS by thermal cycling and vortexing to produce 20 mg/mL multilamellar vesicles, which were then extruded through 500 Å nucleopore filters 21 times to produce 15 mg/mL unilamellar vesicles (ULVs) (determined gravimetrically). ULVs were added to 3 mL 10 μM peptide in 15 mM PBS with pH ∼7 to produce the following lipid:peptide molar ratios: 5:1, 10:1, 20:1, 30:1, 50:1, 70:1. Data were collected in quartz cuvettes with a 1 cm pathlength using a Jasco 1500 circular dichroism (CD) spectrometer. Samples were allowed to equilibrate for 5 min at 37°C, and then scanned from 200 to 240 nm 20 times and the results were averaged. The parameters for scanning were at a speed of 100 nm/min, a step size of 1.0 nm, a response time of 1 s, a bandwidth of 1 nm, and a sensitivity of 20 mdeg. Background scans of the same concentration of ULVs were first subtracted from the raw ellipticity traces; sometimes traces were smoothed using adjacent averaging of 2–5 nm. OriginPro was used to carry out a linear least squares fit of the ellipticity traces to four secondary structural motifs representing α-helix, β-sheet, β-turn, and random coil (Heinrich et al., 2020). This analysis gives a percentage match of each of the secondary structural motifs to the total sample ellipticity. Goodness of fit was evaluated visually and quantitated using an adjusted R2. Various constraints and weighting procedures were used to optimize the fits.

To examine whether the selected peptides kill their bacterial target mainly by membrane permeabilization, we used PI incorporation by the MDR strain PA239 (5 × 108 CFU/mL) quantitated by flow cytometry (Novocyte, United States) or visualized by video imaging using the digital microscope EVOS M7000 (Thermo Fisher Scientific, United States) in bright field or red fluorescence channel. In the flow cytometry experiments (Di et al., 2020), bacterial cells were either untreated or treated with different peptide E35 concentrations in MHB2 for 1 h at 37°C. We washed the bacteria-peptide mixture with PBS using an Eppendorf centrifuge at top speed for 7 min and incubated with PI in the dark for 15 min at room temperature. Tobramycin was used as a negative control with a 3-h long incubation. For video imaging, the broth medium was reduced to 20% in PBS (treated or untreated) to decrease the rate of cell division and PI incorporation assessed over time. Video images were recorded in real time using the 40× objective either in bright field or red fluorescence channel.



Mouse Toxicity and Infection Treatment Models

For all animal experiments, we used the protocol #18071776 approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pittsburgh, which is consistent with the NIH guide for the care and use of laboratory animals. In a preliminary (pilot) experiment, female CD-1 mice (three per group) weighing about 20 g were injected different doses of peptides up to 45mpk via a lateral tail vein (IV) to determine an MTD (dose that results in no apparent morbidity or mortality). To confirm the MTD determined in the pilot study, CD-1 mice (seven per group) were randomized to receive a dose based on the preliminary MTD (IV) or PBS (100 μL). The animals were monitored for up to 7 days for morbidity and survival.

Three to four-week old female CD-1 mice (<20 g) were purchased from Charles Rivers. P. aeruginosa infection was established by intraperitoneal (IP) injection of 1 to 5 × 107 bacterial CFU in a small pilot experiment to determine a minimum bacterial lethal dose (MBLD, bacterial dose resulting in 100% mortality). The MBLD was then used to induce infection in our treatment model. The bacterial inoculum was confirmed by serial dilution and plating on agar of a 0.5 McFarland bacterial suspension followed by incubation at 37°C overnight. Infected mice were typically treated with PBS or peptide 1-2 h after bacterial exposure. A peptide dose of 4–5mg/kg was used in 100 μL PBS. We also used an immunocompromised mouse model using cyclophosphamide injection, 150 mg/kg on first injection and 120 mg/kg daily for four consecutive days. K. pneumoniae was injected i.p. on day 6, and treatment was initiated ∼2 h post-infection and continued daily for 2 days (a total of 2 doses of 4 mg/kg). During the experiments, we monitored the mice for signs of morbidity and survival or mortality (moribund state). To examine the differential bacterial burden in mock-treated and peptide-treated groups, mice were euthanized by CO2 inhalation at 5h post-treatment. Bacterial load in the blood and in total lung homogenates was determined by serial dilution and plating on agar overnight before enumeration as CFU/mL of blood or homogenized tissue (lung) (Di et al., 2020).



Statistical Analysis

We typically represent the results in graph format as mean ± standard deviation displayed by the error bars. For in vitro studies and bacterial burden in tissues, we analyzed differences between test samples for statistical significance using unpaired t test with two-tailed P values or the Kolmogorov-Smirnov test. For survival studies, we used Kaplan–Meir analysis with the Log-rank (Mantel–Cox) and Gehan–Breslow–Wilcoxon tests. The error bars in the CD analysis were obtained from several fitting attempts of a single sample, as well as from duplicate samples. We considered P values under 0.05 for statistical significance. The GraphPad software was used for all analyses unless otherwise indicated.




RESULTS


Rational Framework for Engineering W-Rich Peptide Antibiotics With Enhanced Selectivity Against Drug-Resistant Bacteria

Our study began with the design of a series of AMPs based on differential numbers of W residues (e.g., 3, 4, or 5 W residues, Table 1), charge, and peptide length. We know from past studies that the exclusive use of W in the hydrophobic domain may enhance both antimicrobial functions and host toxicity due to its high hydrophobicity and its bulky indole ring (Deslouches et al., 2005b, 2020). Thus, to balance the non-selective membrane-seeking property of W, we designated Val (V) instead of Phe, Leu, or Ile to complete the hydrophobic domain because of its substantially lower hydrophobicity than that of W. Depending on the number of W residues, we started with a minimum length of 8 (4R + 4W) or 10 (5R + 5W or 6R + 3W + 1V) residues (Table 1) using helical wheel projections to deduce the primary sequences as idealized helices with high hydrophobic moments, which is a measure of helical amphipathicity (Figure 1A; Gautier et al., 2008). We incrementally increased the length and charge of the peptides by adding 1R and 1V at a time to each template until a maximum length of 24 (3W and 4W templates) or 18 (5W template) residues was reached. The 5-W template was limited to 18 residues in length based on previous observations that increasing the number of W in longer peptides (e.g., 24 residues) markedly increased host toxicity (Deslouches et al., 2005b, 2013). In that regard, our goal was to develop a framework allowing the identification of highly potent and safe peptides that are as short as possible.


TABLE 1. Primary sequences and physicochemical properties of Library 1 peptides, which correspond to W-position I shown in Figures 1A–C.
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FIGURE 1. Determinants of selectivity of engineered Trp-rich cationic peptide antibiotics (PAX). Shown in panels (A,D,G,J) are helical wheels of 18-residue PAX representing Trp positional groups I–IV, respectively, from which primary sequences were deduced and shown in Tables 1–4. The antibacterial [MIC in μM, (B,C,E,F,H,I,K,L)] and erythrolytic effects of PAX at the maximum test concentration of 32 μM [lower sections of panels (C,F,I,L)] are shown as a function of length in the context of Trp content (black, 3W; green, 4W; red, 5W limited to 18 residues in length). Underlined% lysis (black bars) indicate MIC < 10 μM corresponding to RBC lysis <25% at 32 μM peptide. The results are representative of 2–3 independent experimental trials.


To control for the potential influence of the positions of W residues, we used W-positional analysis to complement the first PAX library shown in Table 1 with three additional libraries (Tables 2–4), resulting in a total number of 86 de novo-engineered PAX. We distinguished them as libraries 1, 2, 3, and 4. In library 1, the W residues are placed on both sides of the hydrophobic-hydrophilic interface of the helical wheel projections of the peptides (Figure 1A). In library 2, the W residues were asymmetrically aggregated at the hydrophilic-hydrophobic interface (Figure 1D and Table 2). Library 3 was generated by placing the W residues as far as possible from the hydrophilic domain of the helical wheel projections (Figure 1G and Table 3). In library 4, the W residues are staggered or equidistantly scattered throughout the hydrophobic domain (Figure 1J and Table 4). Of note, W positions are restricted by the number of W residues and the length of each PAX. Further, there are minor positional variants of PAX of the same length in a particular library (Tables 1–4).


TABLE 2. Primary sequences and physicochemical properties of Library 2 peptides, which correspond to W-position II shown in Figures 1D–F.
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TABLE 3. Primary sequences and physicochemical properties of Library 3 peptides, which correspond to W-position III shown in Figures 1G–I.
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TABLE 4. Primary sequences and physicochemical properties of Library 4 peptides, which correspond to W-position IV shown in Figures 1J–L.
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As controls, we used W-containing AMPs such as indolicidin and tritrpticin (Rozek et al., 2000; Nguyen et al., 2011). We also included the LL37-derived SAAP-148 (de Breij et al., 2018), one of the most recently engineered AMPs with remarkably broad antibacterial activity and moderate RBC lysis at 16 μM. Hence, we have designed an internally controlled system using peptides that differ from each other in length by only two residues and by a charge of +1 as well as both engineered and natural AMPs that are rich in W content for additional controls (Supplementay Figure 1). A well-known AMP (L-K6L9) with no W content was also included (Braunstein et al., 2004) in addition to appropriate antibiotic controls including colistin, depending on the bacterial test organism. While the helical wheel projections are represented in Figure 1 only by 18-residue peptides, every single PAX longer than 8 residues was modeled as a cationic amphipathic helix using the online helical modeling software heliquest (Gautier et al., 2008).

Next, all peptides were initially screened for antibacterial potency against an MDR panel of gram-negative (GNB) and -positive (GPB) bacterial isolates classified as ESKAPE pathogens, which we previously used in published studies (Deslouches et al., 2015; Di et al., 2020). Within any series of peptides with constant W content, increasing the length resulted in a gradual decrease in mean MIC (library 1) toward optimal activity at a particular length against both GNB (Figure 1B) and GPB (Figure 1C). The MIC or minimum inhibitory concentration is the minimum drug concentration that results in no detectable bacterial growth, indicated by a horizontal growth kinetic curve (data not shown) with bacterial growth measured every hour. Mean MICs are lowest at 20-24 AA residues (r) for PAX of 3W, at 16r for PAX with 4W, and 14-18r for 5W peptides. Generally, once the minimum length achieving the lowest MIC (minimum optimal length or MOL) is reached, there was no additional gain in antibacterial activity (Figures 1B,C) with further increase in length or charge. Thus, we were able to identify a precise range of MOL against the 6 organisms composing the ESKAPE pathogens (Boucher et al., 2009) and Escherichia coli. This structure-MIC trend remained consistent across libraries 1–4 (Tables 1–4 and Figures 1D–L), although the MOL was both dependent on W content (within a library) and positions (across libraries). Activities were typically 2-fold lower (mean MIC, 2-fold higher) against GNB compared to GPB, although a 2-fold variation in MIC is not unusual in our growth inhibition assays. Thus, the data indicate broad activity of PAX against both GNB and GPB with consideration given to MIC < 10 μM for initial peptide selection. Typically, we consider a PAX with an MIC > 8 μM against a particular strain to be of negligible therapeutic potential against that strain. The MICs of the selected PAX and antimicrobial controls against individual strains are shown in Supplementary Table 1.

Similar to structure-MIC correlations, all peptides were examined for lytic effects on RBCs as a primary measure of toxicity to mammalian cells and PAX selection. The percent RBC lysis at maximum test concentration (32 μM, Figures 1C,F,I,L, bottom panels) was shown to increase gradually with peptide length, although the minimum length required for optimal MIC usually corresponded to only minor RBC lysis (<25% at the maximum test concentration and negligible toxicity at <10 μM, Figure 2), which is an important criterion for PAX selection. This lag in RBC lysis compared to antibacterial potency at the MOL indicates the effective uncoupling of antibacterial activity and host toxicity or high antibacterial selectivity based on MIC < 10μM and RBC lysis < 25% at 32 μM. Thus, the MIC-based MOL was adjusted by considering both MIC and RBC lysis for PAX selection for advancement. That is why only twelve broadly active PAX met the selection criteria for further investigations (Figure 3). Library 1 resulted in the selection of E4 (22r in length) and E7 (20r) as 3W PAX and E32 (14r), E35 (16r) as 4W PAX; library 2: E68-70 (3W, 20r), E71 (3W, 22r), E75 (3W, 22r), E80 (4W, 16r); library 3, only E3 (3W, 24r); library 4, only E5 (3W, 22r). There was no final selection of 5W PAX, as increasing the number of W beyond 4 did not result in appreciable gain in activity compared to safety. Thus, libraries 1 (Figures 1A–C) and 2 (Figures 1D–F) produced the highest number of selected PAX (a total of 10 of the 12 selected peptides), based on mean MIC < 10μM and < 25% RBC lysis at maximum test concentration. An additional PAX (12 + 1), E72, was also included in the group of selected peptides as an example of a PAX that barely falls outside the cut-off for RBC lysis (slightly > 25%, Figure 2). Notably, colistin was inactive against the GPB strains as expected, although KPA5 is the only GNB strain to display a colistin-resistant phenotype among these initial test strains. Colistin cross-resistance of KPA5 was not observed among the selected PAX, with MIC varying from 1 to 8μM (Supplementary Table 1).


[image: image]

FIGURE 2. Red blood cell lytic properties of selected PAX (% RBC lysis). PAX were examined for lytic properties against freshly isolated human RBCs. Dose-dependent lytic effects of the 13 selected PAX are shown. E72 was slightly above the 25% RBC lysis cut-off. Data are representative of 2–3 experimental rials; Ttrp, tritrpticin; Ctrl-0, no agent added; SAAP, LL37-derived SAAP-148; Indo, indolicidin.
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FIGURE 3. Antibacterial activity and white blood cell toxicity of selected engineered W-rich PAX. Selected PAX were examined for minimum inhibitory concentrations (MIC) (A) against GNB and GPB MDR isolates from the CDC shown in Supplementary Table 3. Toxicity against freshly isolated human white blood cells (WBC) (B) was determined by live-dead stain incorporation detected by flow cytometry. Human red blood cell lysis was determined by measuring spectrophotometrically the levels of hemoglobin release at 570 nm. Data are representative of 2–3 experimental trials. Green bar below E35 [X axis, (B)] indicates the PAX selected for proof-of-concept experiments; Tobi, tobramycin; Ceft, ceftazidime; Oxa, oxacillin; Ttrp, tritrpticin; Ctrl-0, no agent added; SAAP, LL37-derived SAAP-148.


Supplementary Figure 1 showed a lack of activity of the natural AMPs indolicidin and tritrpticin (mean MIC > 10μM) against the recalcitrant panel of bacteria used in Figure 1, which is partly due to the contextual activity of these AMPs in a stringent test medium (cation-adjusted Mueller-Hinton broth, MHB2). Not surprisingly, the engineered AMP K6L9 (with no W content) was not as effective against the test bacterial panel (mean MIC > 10 μM) as the selected PAX and demonstrated a high lytic effect (> 50% at 32μM) on human RBCs. In sharp contrast, the 24-residue SAAP-148 (with 2-W content) was broadly active (mean MIC < 10μM) against both GNB and GPB, although the engineered peptide demonstrated > 40% RBC lysis at the maximum test concentration of 32μM. Notably, colistin demonstrated the lowest mean MIC, although the breakpoint for resistance is limited to approximately 2 mg/L or ∼2 μM due to its nephrotoxicity (Horcajada et al., 2016; Nation et al., 2017; Bardet and Rolain, 2018). Taken together, the data indicate that our structure-function framework constitutes a rational design system for distinguishing highly active and short peptides with minimal RBC lysis from those that are highly erythrolytic (>25% lysis at high concentrations) above the MOL.

Based on our primary structure-function correlations, we further examined the 13 selected PAX for broad antibacterial activity against MDR clinical strains of ESKAPE pathogens and E. coli provided by the CDC (AR isolates panel), with individual PAX MICs and resistance profiles of these strains shown in Supplementary Tables 2, 3, respectively. Similar to the primary screening, the advanced testing utilized growth inhibition assays in MHB2. Remarkably, the majority of the selected PAX remained broadly active against both GNB and GPB AR isolates from the CDC (mean MIC < 10μM for most selected PAX, Figure 3A) with slightly lower mean MICs against GPB, consistent with our initial observation with the ESKAPE panel shown in Figure 1. As a progression from the primary screening, toxicity to freshly isolated human white blood cells (WBC) was also examined to further select for lower toxicity among these broadly active peptides. The selected PAX at a maximum test concentration of 16μM displayed a toxicity level against WBC (measured by flow cytometry) that was consistently low or negligible (typically <10%) (Figure 3B). Unlike the first MDR panel shown in Supplementary Table 1, some level of cross-resistance was observed among 8 PAX for KP542 and 5 PAX for PA229 (MIC > 16 μM) (Supplementary Table 2). To further investigate cross-resistance to colistin, we identified several additional colistin-resistant KP strains according to CDC data for comparison of a subset (5) of the selected PAX. Interestingly, the select PAX displayed MICs in the range of 1–8 μM (Table 5). The differential activities indicate that, in contrast to the two cases of cross-resistance with colistin (Supplementary Table 2), resistance to colistin can be overcome by structurally optimized PAX. In that context, a PAX cocktail may be an effective option to obtain broad coverage against extensively resistant GNB isolates that are also recalcitrant to colistin treatment. Importantly, PAX activity extends across both GNB and GPB, in contrast to colistin activity only against GNB. Next, we chose a single PAX and an extensively resistant bacterial strain (PA239, Supplementary Table 3) to conclude the current investigation with mechanism and proof-of-concept experiments. Similar to the other selected PAX, E35 displayed broad activity against both test panels of GNB and GPB (Figures 1, 3) and remained active against several colistin-resistant strains. We ultimately chose E35 because it displayed the shortest MOL (at 16r), as length was an important structural parameter in our structure-function studies. However, we recognize that any of the remaining selected PAX may display a lower MIC than that of E35 against specific strains or vice versa.


TABLE 5. Select PAX activity against colistin-resistant CDC KP isolates, not included in Figures 1, 2.

[image: Table 5]


PAX E35 Kills P. aeruginosa by Perturbing the Bacterial Membrane

While multiple antibacterial mechanisms have been demonstrated for a variety of cationic AMPs (Brogden, 2005; Bechinger and Gorr, 2017), membrane perturbation is the most predominant mechanism of helical AMPs (Lohner, 2017; Roncevic et al., 2019). To test whether PAX follow this common mechanism, we initially examined the bactericidal activity of the top selection, PAX E35, against the MDR P. aeruginosa strain PA239 (resistant to all 12 test antibiotics, including colistin, Supplementary Table 3). We sought to assess bactericidal properties using a medium called FMP (FBS, 15%; MHB2, 25%; PBS, 60%) that is more physiologically relevant than MHB2 with the inclusion of saline and fetal bovine serum, a known inhibitory condition for many AMPs (Deslouches et al., 2005a; Di et al., 2020). As predicted, the peptide killed all bacterial cells at 2 μM concentration, whereas tobramycin did not display any substantial bacterial killing within 3h of incubation as expected (Figure 4A). In addition, E35 killed 2 logs of the bacterial cells within the first minute of treatment at 2 and 4 μM, compared to the non-effective tobramycin (Figure 4B). No bacterial cells survived E35 treatment after 5–10 min of incubation. However, taken together with real-time video imaging, what appeared to be complete bacterial killing within 5–10 min (Figure 4B) was partly irreversible membrane disruption that eventually resulted in cell death. Consistent with these bactericidal assays, during early exposure to the peptide PA239 at high inoculum (5 × 108 CFU/mL) and 8 μM concentration, the bacterial cells displayed substantial incorporation of PI, which is impermeable to intact cell membrane. In fact, during the first 15 min (Movie 1A) of exposure to E35, bacterial cells appeared to be disintegrated as indicated by patches of DNA-containing subcellular particle aggregates. Also noteworthy was the presence of many PI-incorporated cells that retained swimming motility (Movies 1B,C). These bacterial cells continued to swim even after more than an hour (Movie 1C), indicating that a substantial number of the E35-exposed bacterial cells were enumerated as dead in the killing kinetic experiment within 5–10 min only because their cell membranes were irreversibly damaged by the peptide and, therefore, could not survive on an agar plate overnight. Certainly, many E35-treated cells died within minutes as shown by scattered aggregates of dead cells by 15 min (Video 1A). Thus, despite massive PI incorporation, real-time video imaging in bright field showed a substantial proportion of the PI-incorporated PA239 cells were still alive (swimming motility, Movies 1A–C) after 1hour of peptide treatment. In sharp contrast to E35-treated cells, mock-treated and tobramycin-treated PA239 cells displaying swimming motility (bright field, Movies 2A–D) were not visible in the PI channel (blank screen, Movies 2E–H) because they did not demonstrate any markedly detectable intracellular PI. These results indicate that the membranes of these bacterial cells remained uncompromised despite background cell death observed from the results of bactericidal assays (e.g., Figures 4A,B).
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FIGURE 4. Selective killing mechanism. PAX E35 of 16 residues (Figure 1 and Table 1) was first tested for bactericidal activity and killing kinetics against P. aeruginosa strain PA239 (Supplementary Table 3) in fetal bovine serum containing medium (A,B), with tobramycin as control. E35 interaction with membrane mimics was characterized by circular dichroism (C,D). Finally, Membrane perturbation was examined by propidium Iodide incorporation detected by flow cytometry using PA239 treated with E35 (E) and tobramycin (F). Data are representative of two independent experimental trials. Membrane mimics: G(+), gram positive; (Beringer et al., 2016), gram negative; Euk, eukaryotic.


Next, we interrogated membrane mimics of GPB, GNB, and eukaryotic cells for interactions with E35 to examine their impact on the folding of the selected PAX E35 using circular dichroism (CD) (Heinrich et al., 2020). When comparing the lipid-to-peptide molar ratio at which we observed the highest helical content (Supplementary Figure 2), the CD spectra indicate that the E35 peptide has a higher propensity to fold into a helical structure in the presence of bacterial compared to eukaryotic membrane mimics (Figures 4C,D). These results are consistent with the broad antibacterial activity of PAX compared to toxicity, or lack thereof, to mammalian cells (Figures 1–3). Surprisingly, the helicity was substantially higher for GNB compared to GPB membrane mimics, although the MICs for GPB were consistently 2-fold lower than those for GNB. Thus, the differential helicity appears partly inconsistent with the differential anti-GNB and anti-GPB activities. Of note, the membrane mimics may not accurately reflect the differences in lipids displayed by the surfaces of GNB and GPB. We also confirmed that this selective interaction with bacterial membranes resulted in killing principally by membrane perturbation, using flow cytometry to detect cell death by PI incorporation. As shown in Figure 4E, the bacterial cells incorporate 81 and 97% PI in a concentration-dependent manner, 1 and 4 μM, respectively. In sharp contrast, only 29% PI incorporation was observed when cells were treated for 3 h with tobramycin (2 μM) compared to 14% incorporation of mock-treated cells. Bacterial cells treated with 1% triton X-100 displayed 55% PI incorporation (Figures 4E,F). Importantly, these cells were treated for 3 h, which may explain more background PI incorporation compared to PI detected by real-time video imaging in cells treated with drugs for a shorter period.



Proof of Concept: Therapeutic Efficacy in P. aeruginosa and Klebsiella Models of Infection in Mice

An important question is whether the in vitro activity is reflective of the therapeutic efficacy of selected peptides in animal models, which is often not the case in published studies (Dijksteel et al., 2019). To address this question, we initially sought to determine whether PAX E35 can be tolerated in mice at a high systemic dose (maximum tolerated dose, MTD). We used a pilot experiment to inject 15 CD-1 mice via the tail vein with various doses up to 45 mg/kg. The mice were able to tolerate the peptide at up to 30 mpk (data not shown). To confirm the MTD, 7 mice were given saline or E35 systemically at 30 mpk, and no apparent morbidity and mortality were observed (data not shown). Next, we examined PAX E35 for efficacy against PA239 in mice. We began by determining the minimum dose of PA239 lethal to CD-1 mice if injected in the intraperitoneal (IP) cavity (minimum bacterial lethal dose, MBLD). The MBLD for this MDR strain was found to be 2 × 107 CFU in <20 g CD-1 mice. The mice typically succumb (100% mortality) to P. aeruginosa sepsis within 18–48 h (Figure 5A) in the absence of effective treatment. In sharp contrast, almost all (12/13) mice treated systemically with E35 (5 mg/kg) approximately one to two hours after bacterial exposure displayed no signs of infection when monitored up to 7 days. We examined the effects of E35 on bacterial burden at 5 h post-treatment. As shown in Figure 5B, bacterial burden in the blood was reduced by 10-fold compared to mock-treated mice. We also observed a 10,000-fold reduction in lung bacterial load (compared to mock-treated mice) (Figure 5C). Thus, using a strain that is resistant to 12 standard-of-care test antibiotics (Supplementary Table 3), including colistin, we demonstrated that the E35 peptide has the property to rapidly reduce bacterial burden within hours after the administration of a single systemic dose without affecting the ability of the animals to eliminate the remaining bacterial cells. Similar results were demonstrated when immune-compromised mice infected IP with K. pneumoniae (KP125, MIC in Table 1), with bacterial burden reduced by >3 logs in both the lungs (Figure 6A) and the blood (Figure 6B) after daily doses of 4 mpk of E35 for two days. Taken together with the in vitro studies, these results indicate that our framework can be used for elucidating the determinants of activity through structure-function correlations for the identification of PAX that are safe in vitro and in vivo and able to overcome resistance to traditional antibiotics.
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FIGURE 5. Efficacy of E35 against P. aeruginosa PA239. CD-1 mice (N = 13) were infected IP (intraperitoneally) with PA239 (∼2–3 × 107 CFU) and randomly selected to receive PBS or PAX E35 at 5 mg/kg). The animals were protected from the infection, except for 1 of the 13 treated mice (A). After 4 h post-treatment, bacterial burden in the blood was reduced by >10-fold (B), reflective of the marked reduction of bacterial load in the lungs compared to the mock-treated mice (C), consistent with the high rate of survival (A). Statistical significance was determined by the Log-rank (Mantel–Cox) and Gehan-Breslow-Wilcoxon tests (A) as well as unpaired t-test with two-tailed P values (B,C).
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FIGURE 6. In vivo efficacy of PAX E35 against K. pneumoniae (KP125). CD-1 mice (20 g) were immunosuppressed with i.p. injection of cyclophosphamide, 150 mpk on induction and 120 mpk daily × 4 days. Infection was induced on day 6 (107 CFU i.p.). Daily treatment with 4mpk IV for 2 days was initiated ∼2 h after i.p. instillation of bacteria. Bacterial load, 48 h post-infection, was determined by necropsies, and enumeration on agar plates; (A) lungs and (B) blood; statistical analysis by Kolmogorov–Smirnov test.





DISCUSSION

This report highlights the development of a rational framework for the design of cationic amphipathic peptides with the property to overcome antibiotic-resistant bacterial infections. We showed that, given a de novo template containing W and R as the principal amino acids and varying incrementally in length by a single R (a charge of +1) and V residue at a time, it is possible to define a W content-dependent range of MOL for activity at low micromolar concentrations against MDR bacteria. The data revealed that the MOL was the lowest (16r, E35) when the W content was kept at 4 residues, and most selected peptides demonstrated moderate to negligible toxicity to freshly isolated human RBC and WBC at high test concentrations. At comparable length, the 4-W PAX series tends to display higher toxicity to mammalian cells than that of 3-W PAX. However, this toxic effect is compensated by a much shorter MOL of the 4-W at which only minor toxicity to RBC and WBC was observed at the highest test concentration, which is the key rationale for choosing E35 among the selected PAX to conclude this study. It is at the MOL that antibacterial property and toxicity to mammalian cells are typically uncoupled within the MIC range, thereby effectively enhancing the antibacterial selectivity or increasing the therapeutic index. Importantly, activity may be reduced when the peptides are elongated beyond that MOL, which is consistent with previous observations (Deslouches et al., 2005b, 2015). Additionally, the positions of the W residues may affect both antibacterial function and toxicity to host cells (Rekdal et al., 2012), which explains the differential yield in selected PAX favoring libraries 1 and 2 over libraries 3 and 4. Library 2 produced the highest number (6 of 13) of selected PAX with all W residues positioned at a single side of the hydrophobic-hydrophilic interface. Library 1 is based on the symmetric (or near-symmetric) distribution of the W residues on both sides of hydrophobic-hydrophilic interface and resulted in the selection of 5 PAX, including E35. Thus, our W-positional analysis revealed that positioning the W residues at the hydrophilic-hydrophobic interface is optimal, regardless of symmetry, for the selection of PAX that are highly potent with minor risks of host toxicity at the MOL. In our examination of toxicity, we avoided the use of immortalized cell lines to determine toxicity to host cells due to the fact that AMPs may be selectively toxic to tumor cells compared to primary cells (Wang et al., 2020; Li et al., 2021). In that context and beyond the scope of this work, our framework can also be used to selectively distinguish PAX that are highly toxic to tumor cells at concentrations that are non-toxic to primary cells, which could be a starting point for screening cationic anticancer peptides. The data also revealed evidence for the predicted bactericidal mechanism due to membrane disruption. Specifically, flow cytometry and real-time video imaging studies demonstrate that E35 killed bacteria via direct disruption of the membrane of the bacterial cells. Importantly, real-time video imaging was critical to the correct interpretation of the killing kinetic data, indicating that the early (5–10 min of peptide treatment) cell death was partly due to irreversibly compromised membranes of the cells, which did not growth on agar plates overnight for inclusion in the bacterial enumeration. In addition, real-time video imaging also revealed cell death during early exposure to the peptide demonstrated by the aggregates of PI-bound subcellular particles (in this case DNA). Thus, live-cell fluorescence microscopy complemented the flow data by revealing massive cellular damage (subcellular particles) that could not be detected by flow cytometry in addition to PI incorporation by live cells with compromised membranes. Of note, the high bacterial inoculum used in the mechanistic studies, compared to that used in the antibacterial assays, required a proportionally elevated PAX concentration, which was consistent with the sensitivity of the flow and video imaging.

Recent advances in the field of AMPs showed that modifications of host-derived AMP templates may result in highly potent peptides with therapeutic efficacy in mice. In particular, the LL37-derived peptides (containing 2 W residues) SAAP-148 and ZY4 demonstrate broad antibacterial activities (de Breij et al., 2018; Mwangi et al., 2019). We used SAAP-148 as one of our peptide controls because of its broad and potent activity against both GNB and GPB, which was confirmed by our preliminary screening data. However, while published data show a peptide with moderate lytic effects on the human RBCs at 16 μM, our data suggest that SAAP-148 was more erythrolytic than published data indicate. One possible explanation is that the maximum test concentration was higher in our study, and sensitivity of both studies may not be comparable. Moreover, the topical application as an ointment in mice to combat biofilm-related skin infection may not be highly relevant to RBC lysis, and the toxicity to WBC was lower than its erythrolytic effects. Another recent advance in AMP design is demonstrated by another LL37-derived peptide ZY4 (Mwangi et al., 2019). This peptide is also broadly active and highly potent against bacteria. Unlike the skin ointment application of SAAP-148, ZY4 is given IP in multiple doses using a murine IP model of bacterial infection. While the peptide was not examined for its impact on mouse survival, its effects on reducing bacterial burden were substantial and significant. Although the IP administration is certainly an important advance from the skin application of SAAP-148, similar to other examples of engineered AMPs (Mourtada et al., 2019), both bacteria and the drug were given IP and, therefore, followed the same path. Thus, it is not clear whether the efficacy of the peptide necessitated efficient absorption and distribution to tissues to suppress the infection or if the peptide acted primarily at the site of delivery. In contrast, we demonstrated that one of the selected PAX E35 works systemically against the IP-injected MDR P. aeruginosa by rapidly reducing the bacterial burden in blood and in lung tissue. This demonstration of efficacy is highly relevant to standard of care in hospitalized patients, who typically require IV injection to suppress MDR-related bacteremia or sepsis. The efficacy against a colistin-resistant isolate was an important consideration, although cross-resistance with E35 was observed with two (PA229 and KP542) of the 11 colistin-resistant strains. Notably, some selected PAX (e.g., E4, E68, E70, E71) displayed no cross-resistance at all, which underscores the need for an extensive comparative study of the selected PAX against MDR isolates that are highly resistant to colistin.

While we and others have previously used W, length, and charge as determinants of toxicity and antibacterial properties (Rekdal et al., 2012; Deslouches et al., 2013), this study is remarkably impactful for the following reasons. (A) It is the most systematic and extensive structure-function study of its kind utilizing 4 libraries consisting of 86 de novo designed peptides examined simultaneously for MIC and toxicity as a function of charge, length, as well as W content and positioning. (B) It provides a rational framework for structure-function correlations using W- and R-rich AMPs of helical tendencies. (C) Scientific rigor is indicated by only slight differences between PAX of similar W content, with the inclusion of engineered and natural AMPs in addition to standard-of-care antibiotics as controls. (D) This design system can be used as an iterative framework for testing any combination of cationic and hydrophobic amino acids or their mimics for structure-function correlations, reducing the need for trial and error. (E) The bacterial panels are highly reflective of common clinical MDR strains, using clinical isolates from our local medical center and the CDC. (F) Proof of concept was demonstrated with distinct routes of infection (IP) and treatment (systemic) of in 2 mouse infection models using 2 GNB strains (PA239 and KP125) that are colistin-resistant. This is despite that P. aeruginosa was not the most susceptible target (based on mean MIC) of the peptide E35 (not always the most potent of the selected PAX) among the ESKAPE pathogens, which indicates many potential applications of the selected peptides. Short-term future directions include three objectives.


(i)The selected PAX will be extensively compared for activity against a large panel of MDR bacteria that are highly resistant to colistin to better understand why the selected PAX are able to overcome colistin resistance in most cases. This will enhance our understanding of the mechanism of cross-resistance between AMPs and colistin.

(ii)The comparative studies of the selected PAX need to be extended for a deeper understanding of differential applications for more targeted clinical development.

(iii)The extensive comparison of the selected PAX will include comparative in vivo efficacy with exploration of the implication of the immune response in the therapeutic role of PAX.





CONCLUSION

This study is an important step toward preclinical and clinical application. (1) It is a rational system for fundamental discoveries of engineered cationic peptides with enhanced safety and efficacy. (2) It is also a framework which can be extended to peptide mimics and other structural classes. Importantly, the data indicate a potential departure from topical to systemic use of engineered AMPs.
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Supplementary Movie 1 | (A) Real-time video imaging of PA239 treated with E35 peptide recorded after 15 min of treatment using the EVOS M7000 imager at 40× magnification in the red fluorescence (1A-15 min); only the cells that incorporate PI were visible. (B) Real-time video imaging of PA239 treated with E35 peptide recorded after 45 min of treatment using the EVOS M7000 imager at 40× magnification in the red fluorescence (1B-45 min); only the cells that incorporate PI were visible. (C) Real-time video imaging of PA239 treated with E35 peptide recorded after 70 min of treatment using the EVOS M7000 imager at 40× magnification in the red fluorescence (1C-70 min); only the cells that incorporate PI were visible. (D) Real-time video imaging of PA239 treated with E35 peptide recorded after 10 min of treatment using the EVOS M7000 imager at 40× magnification in the bright-field channel (1D-10 min). (E) Real-time video imaging of PA239 treated with E35 peptide recorded after 95 min of treatment using the EVOS M7000 imager at 40× magnification in the bright-field channel (1E-95 min).

Supplementary Movie 2 | (A) Real-time video imaging of PA239 untreated control. The video was captured after 6 min using the EVOS M7000 imager at 40× magnification in the bright field channel (2A-6 min). (B) Real-time video imaging of PA239 untreated control. The video was captured after 97 min using the EVOS M7000 imager at 40× magnification in the bright field channel (2B-97 min). (C) Real-time video imaging of tobramycin-treated PA239. The video was captured after 35 min using the EVOS M7000 imager at 40× magnification in the bright field channel (2C-35 min). (D) Real-time video imaging of tobramycin-treated PA239. The video was captured after 85 min using the EVOS M7000 imager at 40× magnification in the bright field channel (2D-85 min). (E) Real-time video imaging of PA239 untreated control. The video was captured after 25 min using the EVOS M7000 imager at 40× magnification in the red florescence channel (2E-25 min). Only the cells that incorporated PI were visible; a blank screen indicates the absence of PI incorporation. (F) Real-time video imaging of PA239 untreated control. The video was captured after 100 min using the EVOS M7000 imager at 40× magnification in the red florescence channel (2F-100 min). Only the cells that incorporated PI were visible; a blank screen indicates the absence of PI incorporation. (G) Real-time video imaging of tobramycin-treated PA239. The video was captured after 30 min using the EVOS M7000 imager at 40× magnification in the red florescence channel (2G-30 min). Only the cells that incorporated PI were visible; a blank screen indicates the absence of PI incorporation. (H) Real-time video imaging of tobramycin-treated PA239. The video was captured after 80 min using the EVOS M7000 imager at 40× magnification in the red florescence channel (2H-80 min). Only the cells that incorporated PI were visible; a blank screen indicates the absence of PI incorporation.
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Staphylococcus aureus (S. aureus) is one of the most common pathogenic bacteria responsible for causing a life-threatening peritonitis disease. NZX, as a variant of fungal defensin plectasin, displayed potent antibacterial activity against S. aureus. In this study, the antibacterial and resistance characteristics, pharmacokinetics, and pharmacodynamics of NZX against the S. aureus E48 and S. aureus E48-induced mouse peritonitis model were studied, respectively. NZX exhibited a more rapid killing activity to S. aureus (minimal inhibitory concentration, 1 μg/ml) compared with linezolid, ampicillin and daptomycin, and serial passaging of S. aureus E48 for 30 days at 1/2 × MIC, NZX had a lower risk of resistance compared with ampicillin and daptomycin. Also, it displayed a high biocompatibility and tolerance to physiological salt, serum environment, and phagolysosome proteinase environment, except for acid environment in phagolysosome. The murine serum protein-binding rate of NZX was 89.25% measured by ultrafiltration method. Based on the free NZX concentration in serum after tail vein administration, the main pharmacokinetic parameters for T1/2, Cmax, Vd, MRT, and AUC ranged from 0.32 to 0.45 h, 2.85 to 20.55 μg/ml, 1469.10 to 2073.90 ml/kg, 0.32 to 0.56 h, and 1.11 to 8.89 μg.h/ml, respectively. Additionally, the in vivo pharmacodynamics against S. aureus demonstrated that NZX administrated two times by tail vein at 20 mg/kg could rescue all infected mice in the lethal mouse peritonitis model. And NZX treatment (20 mg/kg) significantly reduced CFU counts in the liver, lung, and spleen, especially for intracellular bacteria in the peritoneal fluid, which were similar or superior to those of daptomycin. In vivo efficacies of NZX against total bacteria and intracellular bacteria were significantly correlated with three PK/PD indices of ƒAUC/MIC, ƒCmax/MIC, and ƒT% > MIC analyzed by a sigmoid maximum-effect model. These results showed that NZX may be a potential candidate for treating peritonitis disease caused by intracellular S. aureus.
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INTRODUCTION

Peritonitis is a life-threatening infectious complication encountered in patients, pets, and livestock, mainly from the process of gastrointestinal perforation, intra-abdominal surgery, and peritoneal dialysis, being as some prerequisites for microbes to enter the abdominal cavity (Broughton et al., 2010; Pörner et al., 2021). Staphylococcus aureus (S. aureus) is one of the most common pathogens associated with peritonitis (Salzer, 2018; Marciano et al., 2019; Szeto et al., 2021). Although antibiotic therapy is a common strategy for eliminating bacterial infection, peritonitis caused by S. aureus remains a major complication of peritoneal dialysis with the characteristics of persistence and recurrence (Marciano et al., 2019; Alonso et al., 2021; Szeto et al., 2021). One of the major causes of recurrent peritonitis is from the emergence of antibacterial resistance during antibiotic treatment, especially from methicillin-resistant and multiple resistant strains (Li et al., 2020a; Camargo et al., 2021). In addition, S. aureus can invade and replicate in various host cells, complicating the usage of antibiotics (Zhou et al., 2018; Wang et al., 2021); therapeutic effects were impeded by poor penetration or inferior intracellular stability. Therefore, there is an urgent need to develop new intracellular antibacterial drugs with low resistance and high cellular permeability for the treatment or prevention of S. aureus-related peritonitis diseases.

Antimicrobial peptides (AMPs) possess the advantages of rapid killing, high specificity, and low resistance to pathogens compared to other small molecule drugs (Liu et al., 2021; Moretta et al., 2021; Rima et al., 2021). Additionally, AMPs proved to be potent in inhibiting or eradicating intracellular organisms (Brinch et al., 2009; Wang et al., 2018, 2019; Li et al., 2020b, 2021). Also, the iron triangle theory on health protection from AMPs, antibiotics, and vaccines for maintaining a reasonable equilibrium among pathogens, antimicrobials, and drug resistances has been recently put forward (Zheng et al., 2021; Hao et al., 2022). Given those merits, AMPs have been considered as promising and new therapeutic anti-infection candidates, and should exert more roles in health practices of humans and animals. However, to date, very few new drug applications of AMPs have successfully passed official approval and entered into clinical application despite a lot of AMP-related patents and papers achieved (Mercer and O'Neil, 2013; Costa et al., 2019). One main obstacle is the instability of AMPs due to their fast metabolism in host body; this is a double-edged sword in terms of methodology in evaluation detection and reality in safety monitoring; on one hand, AMPs are hardly accumulated in the host body, thereby reducing drug residues and resistance as their merits (Henninot et al., 2018; Costa et al., 2019); on another hand, their metabolites or small segments in distribution details in a biological matrix are hardly usually detected by modern bioanalytical detection methods (Ewles and Goodwin, 2011). It is known that small molecular AMPs are rapidly metabolized in vivo and degraded into smaller peptide fragments or amino acids and absorbed as nutrients; thus, this situation becomes the blind zone for detection and characterization in trial research and licensing evaluation, although the safety of the degradation products of AMPs in vivo is unquestionable by general knowledge of nutrition metabolism but very difficult for demonstration via analytical detection. Surely, some new principles with more suitable for AMPs are urgent in need, specially for their clinical evaluation protocol. Usually, ELISA and LC–MS/MS analysis methods have been applied for quantifying typical peptides in biological samples (Ewles and Goodwin, 2011; Mercer and O'Neil, 2013), but not suitable for polar small AMPs. The microbiological assay (Chinese Veterinary Pharmacopeia, 2015, Appendix 1201), as a quantity- and function-based dual-label detection method, gives us a different solution facing above dilemma choice; it can concur and merge the determination of drug concentration and its antibacterial activity in biological samples, thus has been chosen for drug pharmacokinetic studies on AMPs, although it cannot clearly differentiate between a prototype drug and its active metabolites (Leroy et al., 1989; Jacobson et al., 2005; Andes et al., 2009; Hengzhuang et al., 2012; Giguère et al., 2017); in fact, it is well-suitable for characterizing the small molecular AMPs with a consensus among researcher peers. Gladly, similar supportive information can be seen from the regulation “Requirements for Application Materials of New Feed Additives of Announcement No. 226 of the Ministry of Agriculture and Rural Affairs of the P. R. China (MARA)”; if the compound or metabolic residue is a normal component of animal body fluid or tissue, or it is absorbed as nutrients according to the physiological mode and level of compounds in vivo, there is no need to evaluate its metabolism and residue in detail. This rule should also be invoked or extrapolated to the evaluation of the pharmacokinetics of AMPs. This would offer a wise way for most small molecular peptides, including AMPs during their access to legal official recognition via clinical evaluation. It is believed that the licensing authorities as CFDA, MARA, FDA, EMA, and PMDA would optimize the relative regulations to overcome the above difficulties, and the effective combination of the multiple pharmacokinetics analytical methods as ELISA, HPLC, LC–MS/MS, microbiological assay, and in vivo imaging might be expected.

Plectasin (MW 4398.80 Da) isolated from Pseudoplectania nigrella has potent antimicrobial activity against gram-positive bacteria in vitro and in vivo, especially for Streptococcus pneumoniae, which is superior to vancomycin and penicillin (Mygind et al., 2005; Schneider et al., 2010). However, plectasin had some limitations before clinical application, such as cytotoxicity and trypsin instability (Yang et al., 2019). NZX (MW 4383.89 Da), a variant of plectasin with three mutation sites (D9S, M13I, and K32R), had the increased net charge (from +1 to +2) and hydrophobicity (from −0.695 to −0.578) (Liu et al., 2020). Compared with rifampicin, NZX displayed more potent antibacterial activity against multi-drug resistant Mycobacterium tuberculosis (M. tuberculosis) (Tenland et al., 2018, 2019). NZX displayed a stronger activity against Staptococcus hyicus (S. hyicus) NCTC 10350 than ceftriaxone both in vitro and in vivo (Liu et al., 2020). In addition, NZX had low cytotoxicity, and good temperature, pH, and protease stability (Tenland et al., 2018; Liu et al., 2020). More importantly, NZX possessed the ability to induce intracellular killing of M. tuberculosis in human macrophages (Tenland et al., 2018) and S. hyicus NCTC 10350 in Hacat cells (Liu et al., 2020); thus, it provides a potential for the treatment of peritonitis diseases caused by intracellular bacterial infection.

In this study, the pharmacodynamics (PD) and pharmacokinetics (PK) of NZX against the S. aureus-induced mouse peritonitis model were built and evaluated for the first time; the main pharmacokinetic parameters and the relationships between PK/PD parameters and in vivo efficacies of NZX against total bacteria and intracellular bacteria were obtained, which will contribute to further clinical evaluation and application.



MATERIALS AND METHODS


Chemicals, Organisms and Cell Line

NZX was expressed by Pichia pastoris X-33 and purified as described previously (Liu et al., 2020) (>90% purity). Antibacterial agents, including clindamycin, linezolid, daptomycin, and penicillin, were purchased from the China Institute of Veterinary Drug Control (Beijing, China), Dalian Meilun Biotech (Dalian, China), and Sangon Biotech (Shanghai, China) Co., Ltd. The clinical bovine mastitis-isolated S. aureus E48 was provided by Professor Xin Zhao, College of Animal Science and Technology, Northwest A&F University (Yangling, China). S. aureus MSSA ATCC 25923 and S. aureus MRSA ATCC 43300 were purchased from the American Type Culture Collection. The RAW 264.7 cell line was supplied by Peking Union Medical College.



Minimal Inhibitory Concentrations (MICs) Against S. aureus

The MICs of NZX and other antibacterial agents against S. aureus strains were conducted according to the Clinical Laboratory Standards Institute (Watts et al., 2013). In brief, a volume of 90 μl of log-phase S. aureus E48 with a density of 1 × 105 CFU/ml was co-incubated with 10 μl of NZX and antibiotics at final concentrations of 0.5–128 μg/ml and 0.125–64 μg/ml, respectively, including clindamycin, linezolid, daptomycin (with 1.25 mM of calcium chloride for daptomycin), and penicillin for 16–18 h at 37°C in a 96-well microplate. The wells containing antibiotics were set as positive controls. Negative control wells contained a PBS buffer and bacterial suspension without antibacterial agents. The MIC value was defined as the lowest concentration of antibacterial agents at which no visible bacteria were observed. All MIC assays were performed independently in triplicate.



Bactericidal Activity and Drug Resistance Experiments

Survival rate and time-killing kinetic curves experiments were conducted as described previously (Li et al., 2020b). Log-phase S. aureus E48 cells with a density of 1 × 105 CFU/ml were treated with NZX, clindamycin, linezolid, daptomycin (with 1.25 mM of calcium chloride for daptomycin), and ampicillin at 1/2 × MIC, 1 × MIC, and 2 × MIC, respectively. After incubation at various times (0, 15, 30, 60, 90, and 120 min), a volume of 100 μl of bacterial suspension was taken out from a flask and diluted to count. All assays were conducted independently in triplicate.

The development of drug resistance of S. aureus E48 induced by NZX and antibiotics was conducted as described previously (Li et al., 2017). The MICs of antibacterial agents were measured according to the MICs testing method as described above. After 16–18-h incubation at 37°C, the bacterial suspensions mixed with NZX, clindamycin, linezolid, daptomycin, and ampicillin at the sub-MIC were collected and transferred to 10 ml of an MHB medium until logarithmic growth. Then, the MIC values of the next passage were conducted again, and the experimental procedures were repeated for 30 days. The development of drug resistance was determined by the fold changes in MICs.



Stability Under Different Physiological Environments

The stability of NZX in the mouse serum was determined when placed at 37°C (Wang et al., 2020). The stock mixture from 25% serum was spiked with 100 μg/ml NZX and vortexed well. The mixtures were incubated at 37°C. At 0, 4, 8, 12, and 24 h, samples were taken out, extracted, and analyzed by reverse-phase high-performance liquid chromatography (RP-HPLC). The results were expressed as the ratio of the peak area of the peptide at various times to that of the initial incubation time.

The physiological salt and serum stability of NZX were performed according to the previous report (Hirsch et al., 2019). In detail, the MIC values of NZX for S. aureus E48 were also determined in the MHB medium adjusted to 150-mM NaCl or 1.25-mM CaCl2, as well as in the MHB medium added into 25% (v/v) sterile mouse serum or in the MHB medium adjusted to 25% (v/v) mouse serum and supplemented with 150-mM NaCl, which represent the physiological salt and serum concentrations, respectively.

To test the effect of phagolysosomal enzyme-cathepsin B (from bovine spleen, Sigma C7800) on the antibacterial activities of peptides, NZX was diluted to 640 μg/ml in a cathepsin buffer (5-mM L-cysteine, 20-mM sodium acetate, 1-mM EDTA, pH of 5.0) and incubated with 16 μg/ml enzyme solution at 37°C for 1 h. The MIC value of NZX against S. aureus E48 was examined. NZX without enzyme solution was set as the negative control. Additionally, to mimic the intracellular condition, the MHB medium was adjusted to a specific pH value of 5.0 to determine the MIC value of NZX against S. aureus E48 in the acidic environment (Wang et al., 2019). In all experiments, clindamycin, linezolid, daptomycin, and ampicillin acted as antibiotic control.



Cytotoxicity, Intracellular Inhibition, and Internalization Assays

The viability of RAW 264.7 cells was determined upon exposure to NZX by a colorimetric 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide (MTT) method as described previously (Li et al., 2021). All assays were repeated six times. The cell survival rate was calculated using the following formula:
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The antibacterial effects of NZX against intracellular S. aureus E48 in RAW 264.7 were determined according to a previous study (Wang et al., 2018). The antibacterial concentrations of NZX against S. aureus E48 were set as 1, 4, 16, 64, and 128 μg/ml. Daptomycin was selected as a control because it is a polypeptide drug similar to NZX. In addition, the internalization and distribution assays of NZX in RAW 264.7 were conducted according to Wang et al. (2019). Briefly, RAW 264.7 cells were grown on culture dishes at 37°C for 24 h. FITC or FITC-NZX (1, 16, and 64 μg/ml) was added and incubated in the culture dishes for 24 h. The cells were washed two times with PBS and quenched by 0.04% trypan blue. Samples were analyzed by flow cytometry to determine the uptake of NZX. In distribution analysis, FITC or FITC-NZX at 64 μg/ml was added and incubated in the culture dishes for 24 h. The cells were washed two times with PBS, stained with 5 μg/ml wheat germ agglutinin (WGA)-conjugated Alexa Fluor 555 (ThermoFisher Scientific, USA) and Hoechst 33342 (ThermoFisher Scientific, USA) for 10 min, and observed by confocal microscopy (Leica TCS SP 5, Germany).



Pharmacokinetics of NZX in Non-Infected Mice

The 6-week-old, specific-pathogen-free, female ICR mice (starting weight, 23 to 27 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). The animals were acclimatized for 2 to 3 days before the experiment. The pharmacokinetics of NZX was evaluated in uninfected female ICR mice that received a single tail vein NZX dose of 5, 10, or 20 mg/kg, respectively. After NZX administration, blood samples were collected by orbital venous from five mice per time point at 0.083 to 2 h intervals over 6 h. After centrifugation at 4,000 rpm for 20 min at 4°C, the serum was immediately separated and frozen at −80°C until analysis. Analyses of total serum concentrations of NZX were conducted by a microbiologic assay using S. aureus ATCC 6538p (CICC 10307) as the test strain (Andes et al., 2009). The developed microbial method proved to be simple, precise, and stable. The limit of quantification (LOQ) and detection (LOD) in the microbiologic assay were 0.5 μg/ml and 0.25 μg/ml, respectively. The protein binding of NZX in serum was measured by the ultrafiltration method using Centrifree Filters (Merck Millipore Ltd., Product code: 4104), according to previously described methods by Brinch et al. (2009). The concentration of NZX in the ultrafiltrate was determined by HPLC methods.



Pharmacodynamics of NZX in the Mouse Peritonitis Model

Each mouse was received a peritonitis by intraperitoneal injection of S. aureus E48 suspended in a PBS buffer (2 × 108 CFU/ml, 0.5 ml). NZX treatment commenced 2 h after inoculation, with 5, 10, and 20 mg/kg doses given through tail vein one time or two times daily (2 h and 8 h after infection) (Liu et al., 2020). After therapy, the survival conditions of the mice were recorded within 7 days.

In this study, untreated mice that received a lethal dose of S. aureus (2 × 108 CFU/ml, 0.5 ml) began to die at 6 to 8 h, and all died before 24 h, which made it difficult for us to obtain the samples when the therapy effects after 24 h administration were analyzed. Therefore, the mice that received half lethal doses of S. aureus E48 (1 × 108 CFU/ml, 0.5 ml) were conducted in the following pharmacodynamics analysis. After 24 h therapy with NZX (5, 10, and 20 mg/kg) or daptomycin (20 mg/kg), organ tissues, including livers, lungs, spleens, hearts, and kidneys, were collected, homogenated, and plated to count bacterial burden. In addition, the total number of bacteria and intracellular bacteria counts in peritoneal fluids were determined as described by Wang et al. (2018). Briefly, the total bacterial CFU in the peritoneal fluid were quantified before any further procedures. In addition, the collected peritoneal fluid was centrifuged and washed to obtain peritoneal macrophage, and then extracellular bacteria were killed after treatment with 50 μg/ml lysostaphin at 37°C for 30 min. The cells were washed two times by PBS and suspended with 1 ml of cold sterile water for lysis, and the lysate was used to determine the intracellular bacterial burden.



Pharmacokinetics and Pharmacodynamics Relationship

A dose fractionation study was applied to determine the PK/PD parameters of ƒAUC/MIC, ƒCmax/MIC, and ƒT% > MIC, and those parameters were predictive of efficacies for NZX against S. aureus E48. Based on the PK study described above, NZX ranging from 5 to 40 mg/kg in 24 h was applied in order to change the PK/PD parameters of ƒAUC/MIC, ƒCmax/MIC, and ƒT% > MIC (Table 1). The correlations between efficacies and each PK/PD index were analyzed by non-linear least-squares regression based on the sigmoidal Emax model (Hill's equation) (Yu et al., 2016). Hill's equation was defined as follows:
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where E is the observed antibacterial effect, which describes the change of log10 CFU/ml in the peritoneal fluid after 24 h of NZX treatment compared to the colony counts at the start of therapy. Emax is the change of log10 CFU/ml in the peritoneal fluid after 24 h of NZX treatment when the maximum antibacterial effect has been reached. E0 is the change of log10 CFU/ml in the peritoneal fluid between initial therapy and after 24 h therapy in untreated control animals. Ce is defined as the three PK/PD parameters (ƒAUC/MIC ratio, ƒCmax/MIC ratio, and ƒT % > MIC). EC50 is the value of the PK/PD parameter that is required to achieve 50% of the maximum antibacterial effect. N is the steepness of the fitted concentration-response curve. The coefficient of determination (R2) between efficacy and the PK/PD parameters was used for determining the goodness of fit of the curves. In addition, the parameters required to achieve bacterial stasis (Cs), 1 log10 kill, and 2 log10 kill were calculated interpolation or extrapolation based on Hill's equation.


Table 1. Treatment regimens and resulting PK/PD parameters for S. aureus E48 in the mouse peritonitis study.
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Statistical Analysis

The pharmacokinetic parameters of NZX in the serum were analyzed using a non-compartment model by WinNonlin software (version 8.1; Pharsight, USA). GraphPad Prism (version 9.0.1) was used for all statistical analyses. One-way ANOVA followed by Dunnett's test was performed to compare the difference between groups. A P-value <0.05 was considered as the significant difference. Kaplan Meier analysis was conducted for the survival curve; log-rank (Mantel-Cox) test analyses were used to compare the survival rate difference.




RESULTS


Antibacterial Activity Against S. aureus

Antibacterial activity against clinical and reference S. aureus strains was shown in Table 2. NZX displayed stronger antibacterial activity against S. aureus MRSA ATCC 43300 (MIC = 1 μg/ml) than linezolid (MIC = 2 μg/ml) and ampicillin (MIC = 8 μg/ml), especially for clindamycin, which was inactive or only weakly active (MIC > 64 μg/ml), demonstrating that S. aureus MRSA ATCC 43300 is intrinsically resistant to clindamycin. Antibacterial activity of NZX (MIC = 1–2 μg/ml) against S. aureus MSSA ATCC 25923 and S. aureus E48 displayed that it was equivalent to linezolid (MIC = 1–2 μg/ml) and daptomycin (MIC = 0.5–2 μg/ml), but inferior to clindamycin (MIC = 0.25 μg/ml) and ampicillin (MIC = 0.25 μg/ml).


Table 2. The MIC values of NZX and antibiotics against S. aureus.
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Survival Rate and Development of Drug Resistance of S. aureus E48 in vitro

The antibacterial effects of NZX and antibiotics against S. aureus E48 compared to the initial incubation were shown in Figures 1A–D. Survival rates of S. aureus E48 treatment with linezolid, ampicillin, daptomycin, and clindamycin at 1/2 × −2 × MIC for 2 h were 94.08–99.89%, 83.21–100.31%, 0–83.03%, and 0–65.11%, respectively, which were inferior to those of NZX (0–50.35%) (Figure 1A). Specifically, after treatment with 1/2 × MIC NZX for 2 h or 1 × MIC NZX for 1 h, S. aureus was killed by 49.65% (Figure 1B) or 100% (Figure 1C), respectively, which all showed more potent and rapid bactericidal activity than those four chosen antibiotics. In addition, after incubation with 2 × MIC NZX for 0.5 h, S. aureus was already completely killed; however, the clindamycin and daptomycin groups eliminated bacteria within 2 h, which displayed more efficient activity than linezolid and ampicillin (Figure 1D).


[image: Figure 1]
FIGURE 1. The survival rate and development of drug resistance of S. aureus E48 in vitro. (A) The bacterial cell survival ratio of S. aureus E48 treated with linezolid, ampicillin, daptomycin, clindamycin, and NZX at 1/2 × MIC, 1 × MIC, and 2 × MIC for 120 min. The statistical difference was conducted by one-way ANOVA, with Tukey's multiple comparisons test. Values are expressed as mean ± SD (n = 3), and different letters represent a significant difference in the same concentration (p <0.05). (B–D) The bacterial survival rate of S. aureus E48 treated with 1/2 × MIC (B), 1 × MIC (C), and 2 × MIC (D) linezolid, ampicillin, daptomycin, clindamycin, and NZX for 120 min. Values are expressed as means ± SD (n = 3). (E) Development of drug resistance of S. aureus E48 repeated exposure to linezolid, ampicillin, daptomycin, clindamycin, and NZX for 30-day with sub-MIC levels.


Development of drug resistance of S. aureus E48 was shown in Figure 1E. Results showed that MIC values of linezolid, NZX, clindamycin, daptomycin, and ampicillin against S. aureus E48 after 30-day serial passage were 2, 4, 1, 8, and 16 μg/ml, which resulted in a 2-, 4-, 4-, 16-, and 32-fold increase in the MIC value, respectively. Those results indicated that NZX had a lower risk of resistance compared with ampicillin and daptomycin.



Stability of NZX Under Different Physiological Conditions

The peptide remaining showed that 96.99% of NZX still remained intact after incubation with 25% serum for 24 h (Figure 2A). In addition, there was no change or just 2-fold in the MIC values of NZX and four antibiotics under 25% serum (Figure 2B). Similarly, the MIC values of NZX and four antibiotics in physiological salt environments were unchanged or just 2-fold change, except for daptomycin, which displayed 8–16-fold decrease under the addition of 1.25-mM CaCl2 (Figures 2C–E). The MIC values of NZX, daptomycin, and clindamycin in intracellular lysosomal acid environment at pH 5.0 were up to 4-, 8-, and 8-fold when compared to those of pH 7.4; however, the antibacterial activities of ampicillin and linezolid did not influence (Figure 2F). Furthermore, the antibacterial activities of NZX, daptomycin and linezolid did not change in phagolysosomal proteinase environments, but the MIC values of ampicillin and clindamycin were all down to at least 4-fold (Figure 2G).


[image: Figure 2]
FIGURE 2. Stability of NZX under different physiological conditions. (A) The peptide remaining after incubation with 25% serum for 24 h in serum. (Left) chromatogram; (Right) histogram. (B–G) The activity of NZX exposure to different physiological conditions for 24 h. No treatment: with the only presence of the MH medium.




Low Toxicity, Intracellular Bactericidal Activity, Uptake, and Location of NZX

As shown in Figure 3A, the viability of RAW 264.7 cells was 85.56~98.96% after treatment with 1~128 μg/ml NZX for 24 h. Furthermore, after exposure to 1~128 μg/ml daptomycin, the cell viability was 87.22~102.19%, which was similar to the NZX treatment. These results demonstrated that NZX and daptomycin had low toxicity to RAW 264.7 cells at tested concentrations.
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FIGURE 3. Cell toxicity, intracellular antibacterial activity, cellular uptake, and distribution of NZX in RAW 264.7 cells. (A) Cell viability of RAW 264.7 cells incubated with NZX with concentrations ranging from 1 to 128 μg/ml for 24 h by the MTT method. Daptomycin was set as a positive control. Results from three experiments were expressed as means ± SD (n = 3). (B) Intracellular antibacterial activity of NZX in RAW 264.7 cells infected with S. aureus E48. The activity of NZX and daptomycin against intracellular S. aureus E48 in RAW 264.7 cells was measured after treatment for 24 h. CK: without the presence of any antibacterial agents. (C) Cellular uptake of FITC-labeled NZX. The cells were incubated with 1-, 16-, and 64 μg/ml FITC-labeled NZX for 24 h. The internalization ratio of intracellular FITC-labeled NZX was determined by setting quadrants on the flow cytometry. (D) FITC-labeled NZX distribution in RAW 264.7 cells. The cells were incubated with 64 μg/ml FITC-labeled NZX for 24 h. The localization of FITC-NZX was visualized by confocal microscopy. CK: free FITC without conjugated to NZX. The cells incubated with FITC-NZX presented a green signal; the cell nucleus and membrane were stained with Hoechst 33342 (a blue signal) and wheat germ agglutinin (WGA)-Alexa Fluor® 555 (a red signal), respectively.


The intracellular anti- S. aureus capacity of NZX and daptomycin were determined at different concentrations (1, 4, 16, 64, and 128 μg/ml) using RAW 264.7 cells. As shown in Figure 3B, NZX was effective in mediating intracellular S. aureus load reduction in a concentration-dependent manner with reductions of 91.81~99.81% of intracellular bacteria. Furthermore, at the same concentrations (1, 4, 16, 64, and 128 μg/ml), daptomycin eliminated approximately 89.74~98.53% of intracellular S. aureus. The intracellular bacteria treated with NZX and daptomycin over a wide range of concentrations were all significantly reduced compared with the CK group (Figure 3B). In addition, higher killing potency of NZX against intracellular S. aureus at 16, 64, and 128 μg/ml concentrations was determined compared to the same concentration of daptomycin treatment (Figure 3B).

The uptake efficiency of NZX into RAW 264.7 cells was determined by flow cytometry. After treatment with 1, 16, and 128 μg/ml FITC-NZX for 24 h, the FITC-labeled NZX entered the cell in a dose-dependent way, reaching up to 7.24~93.8% (Figure 3C). Confocal microscopy analysis was further performed to determine the subcellular distribution of NZX in RAW 264.7 cells. As shown in Figure 3D, FITC-labeled NZX was distributed in cell cytosol in a cluster manner, suggesting that the uptake of NZX might be via macropinocytosis and/or endocytosis.



Pharmacokinetics of NZX

Single-dose PK studies of NZX were conducted in non-infected mice. The free drug serum concentrations-time curves of NZX for 6 h following intravenous doses of 5, 10, and 20 mg/kg was shown in Figure 4, and the corresponding PK parameters for NZX were listed in Table 3. Peak concentrations (Cmax) were observed at 5 min after intravenous administration. The area under concentration-time curves (AUC) and Cmax values for the three-dose levels ranged from 1.11 to 8.89 μg·h/ml and 2.85 to 20.55 μg/ml, which were linear over the dose range with a coefficient of determination of 0.9995 and 0.9818, respectively. The elimination half-lives (T1/2) over the three different dose levels ranged from 0.32 to 0.45 h. In addition, the PK parameters for apparent distribution volume (Vd) and mean residence time (MRT) ranged from 1469.10 to 2073.90 ml/kg and 0.32 to 0.56 h, respectively. The murine serum protein binding of NZX was measured to be 89.25% by ultrafiltration method.
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FIGURE 4. The drug concentration-time curve of NZX. Free serum concentrations for NZX after single intravenous administration of NZX at escalating doses of 5-, 10-, and 20 mg/kg body weight in non-infected mice. Each symbol from five mice indicates the Mean ± SD. The dotted line represents the MIC value of NZX against S. aureus E48.



Table 3. Parameter estimates from PK analysis of free-serum NZX concentrations after single intravenous administration of an NZX dose of 5 to 20 mg/kg.
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Pharmacodynamics of NZX Against the S. aureus-Induced Mouse Peritonitis Model

In the mouse peritonitis model, ICR mice were intraperitoneally infected with S. aureus E48 to evaluate the therapeutic efficacy of NZX. As shown in Figures 5A,B, the untreated mice were all dead within 24 h after infection. Although after treatment with NZX (5 and 10 mg/kg) and antibiotics (20 mg/kg), including linezolid, ampicillin, and clindamycin by intravenously single-time injection, all the mice were dead; the survival time of the mice extended for 2–4 days (Figure 5A). After treatment with 20 mg/kg NZX, the survival rate of the mice was 33.3%, which was higher than that of treatment with 20 mg/kg daptomycin (16.7%) (Figure 5A). Interestingly, after two-times intravenous injection with NZX and daptomycin at a dose of 20 mg/kg (2 h and 8 h after infection, respectively), both groups of the mice all survived (100%), but the survival rates of the mice treated with ampicillin and clindamycin were 50% and 33.3%, respectively (Figure 5B). In addition, treatment with 5 and 10 mg/kg NZX and 20 mg/kg linezolid did not improve the survival rate of the mice, but all extended lives by 2–6 days (Figure 5B).
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FIGURE 5. Pharmacodynamics of NZX against S. aureus-induced mouse peritonitis model. (A,B) The survival rate of ICR mice (n = 6) that were challenged intraperitoneally with S. aureus E48 (2 × 108 CFU/ml, 500 μl) for 7-day post-infection. NZX at doses of 5, 10, and 20 mg/kg were administered intravenously single dose (A) (2 h) and two doses (B) (2 and 8 h) post-infection. The PC group: the infected but untreated mice; NC: the uninfected mice. (C–G) The bacterial burden of organ tissues and peritoneal fluid in the ICR mice infected intraperitoneally with S. aureus E48 (1 × 108CFU/ml, 500 μl). The bacterial counts in the liver (C), lung (D), spleen (E), kidneys (F), heart (G), total bacteria (H), and intracellular bacteria (I) in the peritoneal fluid were analyzed after treatment with NZX (5, 10, and 20 mg/kg) or daptomycin (20 mg/kg) for 24 h. The untreated mice were used as the negative control. The statistical difference was conducted by one-way ANOVA, with Tukey's multiple comparisons test. Values are expressed as means ± SD (n = 6); P-value <0.05 was considered significant; *p <0.05; **p <0.01; ****p <0.0001.


The bacterial implantation levels in the liver, lung, and spleen after 24 h were 5.25 ± 0.96, 6.10 ± 0.80, and 6.21 ± 1.95 Log10 CFU/g, respectively (Figures 5C–E). After treatment with NZX, CFU counts in liver, lung, and spleen reduced by −0.10 ± 1.70~2.63 ± 0.97 Log10CFU/g, 0.69 ± 0.91~2.03 ± 1.10 Log10 CFU/g, and 0.88 ± 1.09~2.20 ± 0.46 Log10 CFU/g, respectively, which displayed a dose-dependent effect (Figures 5C–E). Comparing NZX at the 20 mg/kg treatment group with the untreated group, all significant decrease in bacteria burdens of those tissues was observed (Figures 5C–E). Nevertheless, no obvious difference between daptomycin and the untreated group was observed (Figures 5C–E). In addition, therapeutic effects of NZX against organ tissues of the kidneys and heart were also studied, but bacteria burdens of those tissues did not get obviously decreased (Figures 5F,G).

The therapeutic effects of NZX or daptomycin on the total bacteria and intracellular bacteria in the peritoneal fluid were shown in Figures 5H,I. Total bacterial and intracellular bacteria burdens of the untreated mice in the peritoneal fluid were 5.64 ± 0.34 and 3.90 ± 0.78 Log10 CFU/ml (Figures 5H,I). After treatment with NZX at doses of 5, 10, and 20 mg/kg, the total bacterial and intracellular bacteria burdens reduced by 0.47 ± 1.37~2.96 ± 0.87 Log10 CFU/ml and−0.13 ± 1.44~1.79 ± 0.26 Log10 CFU/ml, respectively, and the 20 mg/kg NZX treatment group displayed significant difference with the untreated group, which showed a concentration-dependent effect (Figures 5H,I). The total bacterial and intracellular bacteria burdens of 20 mg/kg daptomycin reduced by 1.79 ± 1.05 Log10 CFU/ml and 0.66 ± 0.83 Log10 CFU/ml, respectively (Figures 5H,I). A significant decrease between daptomycin and the untreated group was observed in the total bacteria, but no significant difference in intracellular bacteria (Figures 5H,I).



Pharmacokinetics and Pharmacodynamics Index Determination

The relationships between the PK/PD parameters and efficacy were presented in Figure 6, and the corresponding pharmacological descriptors were shown in Tables 4, 5, respectively. Maximal effects (Emax) were observed for NZX against total bacteria and intracellular bacteria, which correspond to or close to the actual limit of detection (Figure 6 and Table 5). Results showed that the strongest relationship between the three PK/PD parameters (ƒAUC/MIC, ƒT% > MIC, and ƒCmax > MIC) and NZX efficacy against total bacteria was observed, with R2 values of 0.91, 0.91, and 0.72, respectively (Table 4). Similarly, the strongest relationship between the three PK parameters and efficacy against intracellular bacteria was noted, with R2 values of 0.81, 0.81, and 0.66, respectively (Table 4). The parameters required to achieve bacterial stasis (Cs), 1 log10 kill and 2 log10 kill were shown in Table 5. The static dose ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio for total bacteria were 3.574, 4.274, and 3.971, respectively (Table 4). The 1 log10 kill ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio for total bacteria were 3.896, 4.434, and 6.595, respectively (Table 5). The 2 log10 kill ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio for total bacteria were 4.778, 5.759, and 24.492, respectively (Table 5). Moving to intracellular bacteria, the static dose ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio were 3.473, 3.670, and 3.090, respectively (Table 5). The 1 log10 kill ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio were 3.569, 4.010, and 4.734, respectively (Table 5). The 2 log10 kill ƒAUC/MIC ratio, the ƒT% > MIC ratio, and the ƒCmax > MIC ratio were 3.698, 4.502, and 13.877, respectively (Table 5).
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FIGURE 6. Pharmacokinetics and pharmacodynamics index determination. Correlations between the pharmacokinetic parameters (24 h ƒAUC/MIC, ƒCmax/MIC, and ƒT% > MIC) and efficacies for total bacteria (A) and intracellular activity (B) over 24 h against S. aureus E48 (MIC = 1 μg/ml) in the mouse peritonitis model. The ordinate indicated the total bacteria and intracellular bacteria counts change in peritoneal lavage fluids between the treated for 24 h animals and those at the start of therapy. Each symbol indicates the bacteria of each mouse. The curves indicate the best fit using the sigmoid Emax model. R2 value represents the magnitude of correlation.



Table 4. Parameters for mean Hill-curve fit for total bacteria and intracellular bacteria.
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Table 5. The parameters required to achieve bacterial stasis or 1 log10 kill or 2 log10 kill for total bacteria and intracellular bacteria.
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DISCUSSION

NZX, a variant of plectasin, has garnered interest as an ideal therapeutic drug against S. aureus because of its ability to kill intracellular bacteria and good biocompatibility (Tenland et al., 2018; Liu et al., 2020). Compared with plectasin (MIC, 4 μg/ml), NZX displayed a 4-fold higher antimicrobial activity (Table 2) (Yang et al., 2019). Furthermore, plectasin at a concentration of 2 × MIC killed approximately 85.85% of S. aureus E48 within 1 h, and eliminated bacteria within 2 h, which exhibited inferior bactericidal activity compared with NZX (Figures 1A–D) (Yang et al., 2019). This is because that replacement of D, M, and K residues in plectasin at positions 9, 13, and 31 by S, I, and R increased the net charge and hydrophobicity of NZX (Liu et al., 2020). Increased net charge and hydrophobicity improved the antibacterial activity of peptides (Higgs et al., 2007; Zhou et al., 2019; Tan et al., 2021); thus NZX showed more effective and rapid antibacterial activity than plectasin at the same concentration.

Unlike conventional antibiotics, AMPs usually kill pathogenic bacteria by physically disrupting the cell membrane, causing leakage of contents, and interfering with intracellular metabolic pathways (Gan et al., 2021; Jiang et al., 2021). Due to the unique mechanism of action, AMPs are not easy to cause bacterial mutations or develop only limited resistance with fitness cost (Choi and Ko, 2015; Nang et al., 2018; Gan et al., 2021; Jiang et al., 2021). Spohn et al. (2019) systematically investigated the resistance evolution of 14 AMPs and 12 antibiotics against Escherichia coli in vitro, demonstrating that AMPs had a lower risk of resistance than those of antibiotics (Spohn et al., 2019). Similarly, in this study, NZX had a lower risk of resistance compared with those of ampicillin and daptomycin (Figure 1E). Drug stability is vital for clinical application. NZX displayed good tolerance to serum, physiological salt, and proteinase conditions, but poor in the phagolysosomal acid environment (Figure 2), which were in accordance with the previous studies (Wang et al., 2018; Li et al., 2021).

The intracellular survival mechanism of S. aureus contributes to pathogen dissemination among organ tissues, resulting in disease progression or recurrence (Löffler et al., 2014; Horn et al., 2018; Wang et al., 2021) and even being at a chronic situation. Plectasin, NZ2114, and MP1102 can kill intracellular S. aureus in human THP-1 macrophages and RAW 264.7 cells, respectively (Brinch et al., 2009, 2010; Wang et al., 2018). NZX also significantly reduced the intracellular S. aureus in RAW 264.7 cells (Figure 3B). Different from intracellular activities of NZ2114 (Brinch et al., 2010), NZX exhibited higher killing potency than that of daptomycin. Entering into host cells and contacting with the pathogen are prerequisites of drugs for intracellular S. aureus elimination (Carryn et al., 2003). Both MP1102 and NZ2114 can enter into RAW 264.7 cells in a cluster manner and a dose-dependent way, and distributed in the cytoplasm (Wang et al., 2018). Similarly, NZX was distributed and internalized in the same manner (Figures 3C,D). In addition, internalization mechanisms exhibited that the entrance of MP1102 and NZ2114 into RAW 264.7 cells were mainly dependent on clathrin-mediated endocytosis and micropinocytosis in an energy- and temperature-dependent manner (Wang et al., 2018). As an analog of NZ2114 and MP1102 peptide, so should be NZX, but further research is needed.

In this study, the protein-binding degree of NZX (89.25%) was similar to plectasin (90%) in human and mice serum, and higher than that of NZ2114 (80%) (Andes et al., 2009; Brinch et al., 2009), indicating that it could bind to serum protein components, such as albumin, apolipoproteins or glycoproteins. As the dominant role of those free constituents in pharmacodynamics and pharmacokinetics, a plethora of studies indicated that the binding degree of drugs to serum protein will influence their pharmacological parameters and antibacterial activity, but those impacts on their activity were multifaceted and more complicated (Zeitlinger et al., 2008; Beer et al., 2009; Dalhoff, 2018). Some studies demonstrated that antibacterial agents with high protein binding had a potent and enhanced bactericidal ability, and some drugs above 90% plasma protein binding had also been approved, which did not disturb its suitability for systemic application (Perl et al., 1990; Cheah et al., 2015; Dalhoff, 2018; Hirsch et al., 2019). Similar to plectasin and NZ2114 with short half-lives (Andes et al., 2009; Brinch et al., 2009), NZX was rapidly metabolized by a mouse (Figure 4). Owing to peptides typically with <10 kDa in molecular mass, they could be freely filtered by the kidney and glomerulus, and were easily metabolized or degraded by the ubiquitous proteases (Lin, 2009; Meibohm and Zhou, 2012; Diao and Meibohm, 2013). These characteristics might answer the questions from the antibacterial peptide in preclinical pharmacokinetics. To overcome quick elimination of NZX in mouse serum, some strategies extending half-life have been tried to improve the pharmacokinetic characteristics of peptides (Diao and Meibohm, 2013; Kanugo and Misra, 2020).

The ability of NZX to decrease bacterial burden in organ tissues depends on its distribution. Benincasa et al. demonstrated that Bac7(1-35)-Alexa680 peptide via intraperitoneal injection could only reach kidneys and liver (Benincasa et al., 2010). Bailleul et al. demonstrated fluorescence-labeled AvBD7 by intraperitoneal injection could reach kidneys, liver, spleen, and mesenteric lymph nodes (Bailleul et al., 2019). Different from those reports (Benincasa et al., 2010; Bailleul et al., 2019), a substantial amount of NZX was observed in the kidneys and spleen at a rank of the second and third most fluorescent organs after the lung by in vivo imaging (Supplementary Figure S1), which were in accordance with the antibacterial activity of NZX in those organs (Figures 5C–G). That means that each AMP distribution in body depends on its individual characteristics. We know that intracellular drug concentration is vital to the treatment of intracellular bacteria, but it is extremely difficult to obtain intracellular pharmacokinetic characteristics of drugs in vivo (Levison and Levison, 2009). Therefore, serum drug levels were usually used as the first choice for predicting intracellular concentrations regardless of their correlation (Levison and Levison, 2009). Different from Brinch et al. (2009), who demonstrated that ƒCmax/MIC was the most important parameter for the activity of plectasin against total bacteria and intracellular bacteria, we found that all three PK/PD parameters showed the strongest correlation with efficacies (Figure 6 and Table 4). In general, our work mainly focused on the relationship between efficacy and PK/PD parameters against S. aureus in a mouse peritonitis model; their direct comparisons to other peptides need more data from different animal models in the future.



CONCLUSION

NZX displayed a narrow antimicrobial spectrum, high potency, and rapid antibacterial activity against the tested S. aureus with a lower frequency of resistant mutations compared with ampicillin and daptomycin. Stability results in vitro showed that NZX displayed good biocompatibility and tolerance to physiological salt, serum, and phagolysosomal cathepsin, except for the phagolysosomal acid environment. In addition, NZX could enter into RAW 264.7 cells in a dose-dependent manner and exhibited higher killing potency against intracellular S. aureus in vitro than daptomycin. Pharmacokinetics results of NZX in vivo showed that serum protein binding was 89.25%, and corresponding parameters of the AUC and Cmax and T1/2 for the escalating NZX doses ranged from 1.11 to 8.89 μg.h/ml, 2.85 to 20.55 μg/ml, and 0.32 to 0.5 h, respectively. Together with the pharmacodynamics results in vivo, NZX administered intravenously two times could rescue all infected mice equivalent to daptomycin and NZX treatment, significantly reduced CFU counts in organ tissues and in the peritoneal fluid, which were superior or similar to those of treatment with daptomycin. These in vivo efficacies were significantly correlated with three PK/PD indices of ƒAUC/MIC, ƒCmax/MIC, and ƒT% > MIC, as analyzed by a sigmoid maximum-effect model. Altogether, this study demonstrated that NZX could act as a new antimicrobial agent to protect host against infectious diseases caused by S. aureus.
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Angiogenin 4 bearing ribonuclease activity is an endogenous antimicrobial protein expressed in small and large intestine. However, the crucial amino acid residues responsible for the antibacterial activity of Ang4 and its impact on gut microbiota remain unknown. Here, we report the contribution of critical amino acid residues in the functional regions of Ang4 to its activity against Salmonella typhimurium LT2 and the effect of Ang4 on gut microbiota in mice. We found that Ang4 binds S. typhimurium LT2 through two consecutive basic amino acid residues, K58 and K59, in the cell-binding segment and disrupts the bacterial membrane integrity at the N-terminal α-helix containing residues K7 and K30, as evidenced by the specific mutations of cationic residues of Ang4. We also found that the RNase activity of Ang4 was not involved in its bactericidal activity, as shown by the H12 mutant, which lacks RNase activity. In vivo administration of Ang4 through the mouse rectum and subsequent bacterial 16S rRNA gene sequencing analyses demonstrated that administration of Ang4 not only increased beneficial bacteria such as Lactobacillus, Akkermansia, Dubosiella, Coriobacteriaceae UCG-002, and Adlercreutzia, but also decreased certain pathogenic bacteria, including Alistipes and Enterohabdus, indicating that Ang4 regulates the shape of gut microbiota composition. We conclude that Ang4 kills bacteria by disrupting bacterial membrane integrity through critical basic amino acid residues with different functionalities rather than overall electrostatic interactions and potentially maintains gut microflora in vivo under physiological and pathophysiological conditions.

Keywords: angiogenin 4, antimicrobial peptide, ribonuclease, microbiome, microbiology


INTRODUCTION

Angiogenin, also known as RNase 5, is a member of the vertebrate-specific ribonuclease A (RNase A) superfamily that was first discovered in a human adenocarcinoma cell line HT-29 and has a wide range of functions, including angiogenesis, cellular processes, tumorigenesis, innate immunity, and neurodegeneration (Fett et al., 1985; Tello-Montoliu et al., 2006; Sheng and Xu, 2016). To date, a number of genes encoding angiogenins in nearly all vertebrates have been identified and are present as a single gene in humans, opossums, and rabbits; two genes in rats, pigs, and turtles; three genes in cattle; five genes in zebrafish; and six genes in mice (Cho et al., 2005; Nitto et al., 2006; Pizzo and D’Alessio, 2007). The sequence similarity within six murine angiogenins is 64–93%, while that with human angiogenin is 55–76% (Crabtree et al., 2007; Iyer et al., 2013). Although the topology of Ang paralogues are highly similar, there is functional diversity (Codõer et al., 2010).

Ang4 is a secreted cationic protein in the gut lumen composed of 120 amino acid residues connected covalently by three disulfide bonds with three α-helices and six β-strands secondary structures with well-documented angiogenic and microbicidal attributes (Pan et al., 2005). Based on structural and biochemical analysis, it was confirmed that Ang4 has three distinct functional sites (Crabtree et al., 2007): (i) catalytic triad comprising H12, K39, and H112 (ii) mammalian cell-nuclear localization sequence comprising three successive residues K30, E31, and R32 and (iii) mammalian cell binding site covering consecutive residues from K58 to N66. Expression of Ang4 in the intestine by paneth and goblet cells during inflammation and Trichuris muris infection suggests that Ang4 plays a role in innate immunity (Hooper et al., 2003; Forman et al., 2012). Ang4 exhibits antibacterial activity against Enterococcus faecalis, Listeria monocytogenes, Enterococcus gallinarum, Bacteroides thetaiotaomicron, Bifidobacterium longum, and Salmonella typhimurium (S. typhimurium) SL1344 (Hooper et al., 2003; Walker et al., 2013). However, the molecular mechanisms underlying the antibacterial activity of Ang4 remain to be elucidated. Although Ang4 exhibits RNase activity, it is unknown whether this activity is involved in its bactericidal activity. Cationic amino acids (lysine, arginine, and histidine) have been attributed to the antibacterial action of other antimicrobial peptides (AMPs) reported in previous studies (Cutrona et al., 2015; Amirkhanov et al., 2021). In the case of Ang4, mutagenesis studies have been undertaken to determine the residues important for angiogenic activity (Crabtree et al., 2007), but none have been conducted to determine the crucial amino acid residues responsible for Ang4 inducing bacteria killing.

The antimicrobial proteins produced by the epithelial surfaces of the intestine regulate the composition of commensal bacterial communities in the intestinal lumen and protect against pathogen colonization (Mukherjee and Hooper, 2015). However, the in vivo regulation of the gut microbiota by Ang4 remains unknown.

Here, we present a mutagenesis study of Ang4 to identify the amino acid residues that play key roles in its antibacterial function. To determine the residues critical for the antibacterial action of Ang4 against S. typhimurium LT2, we carried out point mutations of the cationic residue at its functional sites. Our findings show that bacterial membrane permeabilization is required for the killing of bacteria by Ang4, which is accomplished by cationic amino acids present in the cell-binding segment and the N-terminal α-helix of Ang4 structure, revealing mechanistic insights into the antibacterial activity of Ang4. Studies on the impact of Ang4 on gut microbiota have revealed the importance of Ang4 in shaping gut microbiota composition in vivo.



MATERIALS AND METHODS


Generation of Recombinant Ang4 and Mutants

The Ang4 gene containing restriction enzyme sequences of NcoI and HindIII with codon optimization for efficient gene expression in Brevibacillus choshinensis and oligonucleotides encoding C terminal 6xHis tag attached through a GGGGS linker by GenScript Biotech Co. (Piscataway, NJ, United States). The optimized Ang4 gene was cloned into pNCMO2 which is known as shuttle vector for Escherichia coli and Brevibacillus. The vector was transformed into E. coli DH5α, and after confirming the correct sequence of the target DNA, the vector was introduced into Brevibacillus competent cells for protein expression according to the instructions of Brevibacillus expression system II (TAKARA). The KOD-Plus-Mutagenesis Kit (TOYOBO) was used to generate mutants of Ang4 using oligonucleotide primers and template DNA (Supplementary Table 1). In brief, inverse PCR of plasmid DNA was performed for 10 cycles using mutation primers. The PCR products were digested with DpnI which cleaves methylated sites of template plasmid. After that, self-ligation of PCR products was performed by T4 Polynucleotide kinase and ligase followed by transformation into E. coli DH5α. After confirming the mutations by DNA sequencing, expression plasmids were transformed into Brevibacillus competent cells for eliciting protein expression similar to that of wild-type (WT) Ang4.



Expression and Purification of Wild-Type and Mutants Ang4

For protein expression in the transformed Brevibacillus cells, frozen stocks of B. choshinensis pNCMO2-WT and mutant Ang4 transformants were incubated in 2SYNm medium at 37°C in water bath shaker (120 rpm) overnight. The culture was diluted to 1:100 ratio in 2SYNm media and again incubated for 64 h at 30°C in water bath shaker (120 rpm). After completion of the incubation period, the supernatant was collected by centrifugation at 7,000×g, 4°C for 15 min. Proteins were precipitated from the culture supernatants using 70% ammonium sulfate saturation (w/v). Precipitated proteins were obtained by centrifugation at 7,000×g, 4°C for 15 min and were further subjected to dialysis in phosphate buffered saline (PBS) to remove ammonium sulfate at 4°C. A His60 Ni Superflow™ Resin & Gravity column (Clontech) was used to purify the tagged recombinant proteins. The dialyzed sample was applied to the column to allow binding of proteins to the resin. After washing, bound proteins were eluted with 300 mM imidazole in 50 mM sodium phosphate and 300 mM NaCl buffer (pH 7.4). To increase protein purity, further purification was conducted using HiTrap™ SP HP cation exchange chromatography (Cytiva) according to the manufacturer’s protocol, in which proteins were eluted using 800 mM NaCl in 50 mM phosphate buffer at pH 7.4. The purity of the Ang4 proteins was evaluated using SDS-PAGE and ImageJ software. Protein concentration was estimated by BCA protein assay kit.



Colony Count Assay

The antibacterial activity of WT and mutant Ang4 against S. typhimurium LT2 was examined by colony count and growth curve assays, as described previously (Doolin et al., 2020; Nazeer et al., 2021b). Briefly, overnight culture of S. typhimurium LT2 was diluted in Luria broth (LB) medium (1:100) and incubated at 37°C until the culture reached the log phase of bacterial growth, which was subsequently washed three times with PBS and diluted to 2 × 106 CFU/ml in PBS. Then aliquots of diluted bacterial cells were mixed with different concentration (0.3, 1 and 3 μM) of test proteins, followed by incubation at 37°C for 2 h. After the appropriate dilution, 100 μL of the bacterial suspension were plated onto LB agar plates. Plates were incubated at 37°C for 18 h to assess colony forming units.



Growth Curve Assay

For growth curve experiments, overnight culture of bacteria was diluted in fresh LB medium and grown to an exponential phase which was subsequently washed three times with PBS and diluted to 2 × 106 CFU/ml in PBS. Then aliquots of diluted bacterial cells were mixed with 1 μM test proteins, followed by incubation at 37°C for 2 h. After incubation, WT- and mutant Ang4-treated bacteria diluted 1:10 in fresh LB medium. Growth curves were generated by measuring absorbance at 600 nm for every 30 min up to 16 h, maintained with continuous shaking at 37°C in 96-well plates (Corning) using a Synergy HTX multi-mode plate reader (BioTek, Tokyo, Japan).



Determination of Minimum Inhibitory Concentration and IC50

Microbroth dilution method was used to determine minimum inhibitory concentration (MIC) and half maximal inhibitory concentration (IC50) of Ang4 protein against S. typhimurium LT2 as described in the protocol M07-A9 of the Clinical and Laboratory Standards Institute (CLSI, 2015). Different concentrations of Ang4 protein were prepared by 2-fold serial dilution in muller hinton broth (MHB) ranging from 10.64 to 0.04 μM. Overnight culture of S. typhimurium LT2 was diluted and incubated at 37°C until the OD 0.5 representing 1∼2 × 108 CFU/mL bacteria. Then the bacterial suspension was diluted with MHB to reach the concentration of 1 × 106 CFU/ml. After that, 100 μL of the bacterial suspension was added to 96 well plate containing 100 μL of serially diluted protein at a final bacterial concentration of 5 × 105 CFU/mL per well. For checking the growth control, same concentration of bacteria with MHB were added to the wells. Then, bacterial growth was observed after 18 h incubation at 37°C by taking absorbance at 600 nm. MIC and IC50 of Ang4 protein were determined by GraphPad prism 9 using non-linear regression (curve fit).



RNA Cleavage Assay

The enzymatic activities of WT and mutant Ang4 toward yeast RNA were assessed by measuring the absorbance of RNA-soluble fragments in perchloric acid at 260 nm, as previously described (Shapiro et al., 1987). Assays containing 2 mg/mL yeast RNA (FUJIFILM), test proteins (0.03, 0.1, 0.3, 1, and 3 μM) and 0.1 mg/mL bovine serum albumin (BSA) in 33 mM Na-Hepes and 33 mM NaCl, pH 7.0 were conducted at 37°C for 2 h. After incubation, the reaction was terminated by chilling on ice and adding two volumes of 3.4% ice-cold perchloric acid. After 10 min on ice, mixtures were centrifuged at 13,200 × g, 4°C for 10 min. Finally, the absorbance of the supernatant at 260 nm was determined as a measure of ribonucleolytic activity.



Outer Membrane Permeability Assay

The fluorescent dye N-phenyl-1-naphthylamine (NPN) uptake assay was used to measure outer membrane permeability, as previously described (Hancock et al., 1991) with some modifications. In this assay, if the outer membrane permeability increases due to the addition of protein, NPN incorporated into the membrane results in enhanced fluorescence. In short, bacteria were incubated with LB medium overnight at 37°C. The overnight culture of bacteria was again diluted to 1:100 in fresh LB medium and incubated at 37°C until it reached a mid-exponential growth phase with an optical density of 0.5, after which it was washed three times with PBS. The bacteria were then diluted to 3 × 108 CFU/mL and proteins were added at a final concentration of 1 μM to the diluted bacteria. An equivalent volume of sterile PBS was used as the control. After 2 h incubation period at 37°C, the samples were incubated for 30 min at 25°C with NPN (Sigma, final concentration 10 μM). Fluorescence was measured at an excitation wavelength of 350 nm and an emission wavelength of 420 nm using a Synergy HTX multi-mode reader.



Enzyme-Linked Immunosorbent Assay for Binding Assay Against Bacteria

Bacteria were cultured at 37°C to reach exponential phase in LB media. The cells were then washed, and suspended in PBS. High binding, polystyrene, 96-well costar enzyme-linked immunosorbent assay (ELISA) plates (Corning) were pre-coated by incubation with 50 μL of poly L-lysine (Sigma, 3 μg/mL) per well in PBS (pH 7.4) for 30 min at 25°C. After the plates were washed three times with 100 μL of PBS per well, 50 μL of bacteria at a concentration of ∼1 × 108 cells in PBS were added to each well. The plates were incubated overnight at 4°C and washed three times with PBS containing 0.05% Tween 20 (PBS-T). Blocking was performed for 1 h at 25°C using 100 μL of 3% BSA-PBS per well to prevent non-specific binding, followed by three washes with 0.05% PBS-T. Fifty microliters of protein at a concentration of 4 μg/mL were added in triplicate to the wells and incubated for 2 h at 25°C. After washing four times with PBS-T, 50 μL of anti-His tag mAb biotin (2 μg/mL, MBL) in PBS-T were added to each well, and the plates were incubated for 1 h at 25°C. The plates were washed five times and 50 μL of streptavidin-HRP (BioLegend) in PBS-T (2,000 times dilution) were added to each well. The plates were incubated at 25°C for 1 h, and then after five times washing, 50 μL of TMB substrate were added to each well. After sufficient color change, the reaction was stopped by the addition of 2 M H2SO4. Absorbance was measured at a wavelength of 450 nm.



Flow Cytometry for Propidium Iodide Uptake

To assess bacterial membrane damage, S. typhimurium LT2 was grown in LB medium until it reached mid-log phase, then washed three times with 5 mM HEPES and 5 mM glucose buffer, pH 7.4. In the same buffer, the bacteria were diluted to an OD600 of 0.1. Then, 50 μL bacteria were added with 1 μM protein and incubated for 2 h at 37°C. After incubation, propidium iodide (PI) (BioLegend) was added to the mixture at a final concentration of 10 μg/mL and incubated for 30 min in the dark. After staining, bacteria were again diluted to 1:10 ratio in 5 mM HEPES and 5 mM glucose buffer, pH 7.4 and 200 μl of it was added to the 96 well plates. A CytoFLEX flow cytometer (Beckman Coulter) was used to examine the samples and cytometry data analysis was performed by FlowJo software.



Animals

Female C57BL/6J mice, aged 4 weeks, were purchased from Charles River Laboratories Japan and housed in the animal room of Chiba University for additional 3 weeks for stabilization of microbiota before experiments. All mice were treated in accordance with the guidelines of the Chiba University Animal Care and Use Committee.



Bacterial Flow Cytometry for Binding Assay

Feces from female C57BL/6J mice were suspended in ice-cold PBS to obtain a 100 mg/mL suspension. Then the sample was centrifuged at 50 rcf, 4°C for 15 min, and the supernatant was passed through 70 μm mesh followed by washing with ice cold PBS to collect bacterial pellet. To prevent non-specific binding, the bacterial pellet was incubated on ice for 30 min in 400 μL PBS containing 3% BSA. After washing with 0.1% BSA in PBS, the bacteria were incubated with Ang4 (10 μg/mL) for 1 h on ice. Bacteria were then washed three times and stained with biotinylated anti-His-tag monoclonal antibody (2 μg/mL, MBL) on ice for 30 min, followed by three washes. The sample was then incubated with streptavidin-PE (0.4 μg/mL, BioLegend) on ice for 30 min, followed by three washes. Finally, the sample was incubated with thiazole orange (0.4 μg/mL, Sigma-Aldrich) to detect bacteria. After washing, the Ang4 binding bacteria were detected using flow cytometry and data analysis was performed by FlowJo software.



16S rRNA Gene Sequencing

All sequencing procedures were performed on Illumina MiSeq platforms with primers targeting the variable regions V3 and V4 of the 16S rRNA gene. Briefly, 50 μg of Ang4 in 100 μL PBS were administered rectally to 7-week-old female C57BL/6J mice on days 0, 2, and 4. The same volume of PBS was used for each mouse as a control. After three administrations of Ang4 and PBS, feces were collected on the subsequent day and stored at −80°C until DNA extraction. DNA was isolated from frozen stool samples using the NucleoSpin DNA Stool kit (Takara) in accordance with the manufacturer’s instructions. The V3–V4 regions of the 16S rRNA gene were amplified by PCR and sequenced on a MiSeq platform (Illumina). The raw reads were processed and analyzed using the QIIME 2 software package.1 DADA2 was used for forward and reverse sequence merging, quality checking, and amplicon sequence variants (ASV) clustering. Silva 132 sequencing database was used for taxonomic classification. Furthermore, alpha diversity (Shannon entropy) and beta diversity (unweighted UniFrac measures) were calculated to determine the overall microbial community differences between the two groups using the same software packages. To examine the significant differences in bacterial taxa (phyla, classes, families, and genera), the relative abundance was measured for each sample.




RESULTS


Generation of Recombinant Ang4 and Its Mutants

The crystal structure of Ang4 (PDB entry 2J4T) contains 120 amino acids with three α-helices and two triple-stranded antiparallel β sheets that contain three functional sites: catalytic site, mammalian cell-nuclear localization sequence, and mammalian cell-binding segment (Figure 1A). In this study, we focused on cationic residues present in different functional sites to examine the contribution of these residues to bacterial killing. In the Ang4 structure, three residues (H12, K39, and H112) are responsible for catalytic activity, and amino acids from K58 to N66 (KKGSPYGEN) act as cell-binding segments (Crabtree et al., 2007). In the N-terminal region, there are two α-helices in which K7 is the center of the first α-helix and seems to be important for the biological activity of Ang4 (Crabtree et al., 2007). Another α-helix contains the mammalian cell nuclear localization sequence (K30, E31, and R32) that is important for transporting the protein into cellular targets (Crabtree et al., 2007). To explore the residues responsible for Ang4’s antibacterial effects, we generated H12A mutants from the catalytic region; K7A, K30A, R32A, and K7A/K30A double mutants from the N-terminal α-helix; and K58A, K59N, and K58A/K59N double mutants from the cell-binding segment. The amino acid sequence of Ang4 is shown in Figure 1B. Recombinant Ang4 and its mutants were expressed in B. choshinensis with C-terminal His-tags and purified by His60 Ni Superflow™ Resin and HiTrap™ SP HP cation exchange column chromatography to a purity of >95%, as confirmed by SDS-PAGE (Figure 1C).
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FIGURE 1. Structural overview and generation of WT and Mutant Angiogenin 4. (A) 3D structure of Ang4 (PDB entry 2J4T). The mutated residues in this study are highlighted in color and labeled. (B) Amino acid sequence of Ang4. (C) SDS-PAGE of purified WT Ang4 and its mutants. Proteins were electrophoresed on a 15% polyacrylamide gel and stained with the Coomassie Brilliant Blue R-250 dye.




Ang4 Exerts Antibacterial Activity by Disrupting Membrane Integrity

We first confirmed the antibacterial activities of the recombinant Ang4 against S. typhimurium LT2 using kinetic growth curve assay and killing assay (based on colony forming units). As predicted, Ang4 exhibited potent inhibitory effects on the growth of S. typhimurium LT2, as assessed by the growth curve assay (Figure 2A). To determine the concentration that completely inhibits the bacterial growth, MIC was calculated. The results indicated that after incubation of bacteria with various concentration of Ang4 protein, bacterial growth curve decline with increasing protein concentration and the MIC was determined to be 2.187 μM (Figure 2B). In addition, IC50 of Ang4 was calculated to be 0.6687 μM, demonstrating the potency of Ang4 (Figure 2B). Then to examine whether this growth inhibition is bactericidal or bacteriostatic, colony count assay was performed after treating bacteria with different concentration of protein. The results showed rapid bacterial reduction, suggesting that treatment with WT Ang4 had bactericidal effects. These data also revealed that killing percentage of Ang4 was increased in dose dependent manner and at 3 μM concentration around 90% bacteria were killed (Figure 2C). Next, we examined the possible mechanism by which Ang4 kills bacteria. Since Ang4 is a cationic protein, it is possible that the cationic residues might bind to anionic bacterial surfaces and subsequently disrupt their membranes. In addition, previous literature suggested that RNase A superfamily proteins have the ability to bind bacteria and subsequently penetrate bacterial phospholipid bilayers (Dyer and Rosenberg, 2006). As expected, the outer membrane integrity, measured by the NPN uptake assay, showed a distinct increase in fluorescence intensity after 2 h of incubation with 1 μM protein (Figure 2D). In addition, PI uptake assay using flow cytometry was performed to assess whether Ang4 proteins target the bacterial membrane. Two hours after Ang4 treatment, approximately 70% of the PI-positive bacteria were detected, indicating that the inner membrane permeability of the bacteria was increased (Figures 2E,F). These results demonstrate that Ang4 exerts antibacterial action by disrupting the integrity of the bacterial membranes.
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FIGURE 2. Ang4 disrupts the membrane integrity of Salmonella typhimurium LT2. (A) Growth curve of bacteria treated with Ang4 measured by OD 600. (B) MIC and IC50 of WT Ang4 determined by microbroth dilution method. (C) Killing percentage of Ang4-treated bacteria after 18 h incubation at 37°C. (D) Outer membrane permeabilization by Ang4 was evaluated by measuring the fluorescence intensity of NPN. (E,F) Cell membrane alteration in Ang4 treated bacteria was assessed by PI staining using flow cytometry. All data are shown as mean ± SD from three independent experiments. P-values were determined by two-tailed unpaired t-test or one-way ANOVA; ***P < 0.001 vs. control.




RNase Activity Is Not Responsible for Antibacterial Activity

In the Ang4 structure, residues H12, K39, and H112, corresponding to the RNase catalytic triad, were previously reported (Crabtree et al., 2007). The replacement of these residues with non-polar amino acids decreases RNase activity (Crabtree et al., 2007). In this study, the H12A mutant was generated to evaluate the involvement of RNase activity of Ang4 in its antibacterial activity against S. typhimurium LT2. First, we confirmed RNase activity of WT Ang4 and H12A mutant at the concentration ranging from 0.03 to 3 μM. The data revealed that the mutation at H12 significantly reduced RNA cleavage activity (Figure 3A), confirming the pivotal role of this residue in catalytic action. The catalytic inactivity of the H12A mutant was consistent with that of the equivalent hANG mutant H13A (Shapiro and Vallee, 1989). We evaluated the contribution of catalytic amino acids to antibacterial activity. We observed that the RNase activity-defective mutant (H12A) had the same antibacterial activity as that of WT Ang4, as assessed by the growth curve and killing assay (Figures 3B,C). In addition, the H12A mutant caused no significant changes in bacterial binding compared to WT Ang4 (Figure 3D). Consistent with the ELISA data, we found that the outer membrane integrity was damaged by WT Ang4 and H12A mutants to a comparable level, which was manifested by similar increase in the fluorescence intensity measured 2 h post incubation (Figure 3E). Moreover, PI uptake assay using flow cytometry was performed to assess whether Ang4 and its mutant target the bacterial inner membrane. Similar levels of PI-positive bacteria were detected after treatment with WT Ang4 and H12A, indicating the comparable increase in the inner membrane permeability of the bacteria (Figures 3F,G). Overall, these findings suggested that RNase activity is not involved in the bactericidal activity of Ang4.
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FIGURE 3. Antimicrobial activity of Ang4 against Salmonella typhimurium LT2 is independent of RNase activity. (A) RNase activity of Ang4 and H12A determined by measuring the absorbance of perchloric acid soluble RNA fragments after 2 h incubation of assay mixtures at 37°C. (B) Growth profile of bacteria incubated with or without Ang4 or H12A at 37°C for 2 h. (C) Killing percentage of bacteria that were treated with PBS alone, Ang4, or H12A for 2 h before plating on LB agar plates. (D) Binding of Ang4 and H12A to bacteria was evaluated by ELISA. (E) The permeability of the bacterial outer membrane induced by Ang4 or H12A was assessed by measuring the fluorescence of NPN. (F,G) Flow cytometry to detect the inner membrane permeability of bacteria exposed to Ang4 or H12A using PI. All data are shown as mean ± SD from three independent experiments. P-values were determined by two-tailed unpaired t-test or one-way ANOVA with Tukey’s multiple comparisons test; ns > 0.05, ***P < 0.001 vs. WT Ang4.




Cationic Amino Acid Residues in the N-Terminal α-Helix Are Not Essential for Binding but Are Important for Killing

In the N-terminal α-helix, three consecutive residues (K30-E31-R32) comprise a crucial element of the mammalian cell nuclear localization sequence (NLS) of Ang4. However, the presence of extra positive residues (Arg10 for Thr11 and Lys7 for His8) in the immediate vicinity of Ang4, compared to hANG, may contribute to a bipartite NLS (Jans et al., 2000; Crabtree et al., 2007). Because bacteria do not have a membrane-enclosed nucleus and DNA is found in the nucleoid floating in the cytoplasm, the contribution of cationic residues present in this sequence, to the function of Ang4 against bacteria is unknown. To determine this function, we generated alanine mutants, including the K7A, K30A, R32A, and K7A/K30A double mutants. The results demonstrated that, apart from R32A, none of these mutants exhibited a significant difference in bacterial cell binding compared with that of WT Ang4 (Figure 4A), indicating the lack of participation of these cationic residues in binding. Interestingly, antibacterial activity estimated by the growth curve and killing assay showed significant changes compared to that of WT Ang4 (Figures 4B,C). These findings suggest that cationic amino acids in the NLS or the N-terminal α-helix region of Ang4 are important for bacterial killing. It has been shown that the killing of bacteria by AMPs is critically dependent on the disruption of cell integrity or cellular targets (Benfield and Henriques, 2020). Consistently, bacterial membrane permeability of these mutants examined by NPN and PI uptake assays revealed less fluorescence intensity and PI-stained bacteria when treated with the mutants compared to WT Ang4 (Figures 4D–F), suggesting the participation of the abovementioned cationic residues in the increase of cell membrane permeability. Taken together, these observations indicate that membrane disruption of bacteria by Ang4 is key for its killing activity and that cationic amino acid residues at the N-terminal α-helix of Ang4 are not essential for its binding to bacteria but are important for its bactericidal activity.
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FIGURE 4. Cationic amino acids at the N-terminal α-helix are not responsible for binding but play a role in killing of bacteria. (A) Binding of Ang4 and its mutants to the bacterial cell membrane, as measured by ELISA at 450 nm. PBS was used as a control. (B) Salmonella growth curve after 2 h of incubation with or without Ang4 or its mutants. (C) Bacterial killing assay after 2 h of incubation with Ang4 or its mutants, as measured by colony count. (D) NPN uptake assay to identify bacterial outer membrane rupture following addition of Ang4 or its mutants. (E,F) PI staining to assess changes in bacterial cell membrane integrity after 2 h of treatment with Ang4 or its mutants. All data are presented as mean ± SD from three independent experiments. P-values were determined by one-way ANOVA with Tukey’s multiple comparisons test; ns > 0.05, **P < 0.01, ***P < 0.001 vs. WT Ang4.




Cationic Residues in the Mammalian Cell Binding Site Are Critical for Bacterial Binding and Killing

The mammalian cell binding site covering the range of residues from K58 to N66 has been implicated to be important for the angiogenic activity of Ang4 (Crabtree et al., 2007). This region (KKGSPYGEN) contained two consecutive cationic amino acids (K58 and K59). However, it remains unknown whether these residues are involved in bacterial binding. To investigate the contribution of these cationic residues, mutations were inserted by substitution of lysine with alanine or asparagine to generate K58A and K59N single mutants as well as the K58A/K59N double mutant. The RNA cleavage assay showed that all mutants had RNA cleaving activity comparable to that of WT Ang4 (Figure 5A), which is consistent with the findings mentioned previously (Hallahan et al., 1991). However, growth inhibition by these mutants was significantly attenuated compared to that by WT Ang4 (Figure 5B). In addition, these mutants showed significantly reduced killing activity than WT Ang4 toward S. typhimurium LT2 in the colony count assay (Figure 5C). These data indicate that both K58 and K59 are functionally important for the bactericidal activity of Ang4 against bacteria.
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FIGURE 5. Cationic residues in the cell binding segment of Ang4 are crucial for the bacterial cell binding and killing. (A) RNase activity of Ang4 and its mutants was measured by absorbance at 260 nm. (B) Growth curve of bacteria after incubation with or without Ang4 or its mutants for 2 h. (C) Killing assay of bacteria performed 2 h post-incubation with Ang4 or its mutants estimated by colony count. PBS was used as a control. (D) Binding of Ang4 and its mutants to the bacterial cell membrane was estimated by ELISA at 450 nm. (E) NPN uptake assay to detect outer membrane disruption of bacteria after the addition of Ang4 or its mutants evaluated by increased fluorescence intensity. (F,G) PI staining to evaluate the alteration of bacterial cell membrane after 2 h post incubation at 37°C with Ang4 or its mutants. All data are presented as the mean ± SD from three independent experiments. P-values were determined by one-way ANOVA with Tukey’s multiple comparisons test; ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT Ang4.


We then examined the possible mechanism underlying the reduced killing of bacteria by these mutants. The binding assay determined by ELISA revealed that the binding of the abovementioned mutants to the bacteria was significantly reduced (Figure 5D). Thus, these mutants may be unable to interact effectively with bacteria because of the replacement of one or more residues that are critical for binding. We then examined the uptake of NPN to determine the influence of these mutations on the permeability of bacterial outer membranes. As expected, NPN uptake by these mutants was significantly lower than that by WT Ang4, as demonstrated by the reduced enhancement of fluorescence (Figure 5E). Similarly, reduced percentage of PI-stained bacteria was observed by flow cytometry after treatment with these mutants (Figures 5F,G). Collectively, these results indicated that K58 and K59 are important for the binding of Ang4 to bacteria, which is required for the increase of the membrane permeability and bacterial cell disruption.

To further clarify the function of the specific amino acids on the binding of Ang4 to bacteria, we also examined the binding of Ang4 and its mutants with mouse fecal bacteria by flow cytometry and ELISA. Both results showed that the binding of WT and mutant Ang4 to fecal bacteria was consistent with their binding to S. typhimurium LT2 (Supplementary Figure 1). The binding detected by WT Ang4 was not significantly different from that observed with K7A, H12A, K30A, and K7A/K30A mutants, although the R32A mutant displayed a lower tendency to bind to fecal bacteria. A significant reduction in fecal bacterial binding was observed with K58A, K59N, and K58A/K59N double mutants, consistent with their binding to S. typhimurium LT2. These results further confirmed that cationic residues K58 and K59 in the cell-binding segment of Ang4 play a significant role in bacterial binding.



Overall Structure of the Gut Microbiota Community After Administration of Ang4

Antimicrobial proteins are important for maintaining gut homeostasis and inflammation (Zong et al., 2020). However, the role of Ang4 in shaping the gut microbiota remains unknown. To determine the changes in gut bacteria following administration of Ang4, 16S rRNA gene sequencing was performed. Bacterial DNA samples were isolated from mouse feces after intrarectal administration of Ang4 or PBS three times every other day. Illumina MiSeq sequencing yielded approximately 141 and 199 ASVs, or observed features, for Ang4- and PBS-treated mice, respectively, suggesting that the number of species after administration of Ang4 was diminished (Figure 6A). The alpha rarefaction curve also showed significant reduction in the observed features in Ang4-treated mice with respect to the sequencing depth (Figure 6B). To estimate the overall structure of the microbial community in the Ang4- and PBS-treated mice, alpha and beta diversity measures were calculated. Alpha diversity provides information on microbial diversity within individual samples, and beta diversity assesses the variances between samples. Shannon entropy, an alpha-diversity measurement of richness and evenness, revealed no significant difference between PBS- and Ang4-treated mice (Figure 6C). To determine whether the entire microbial community structure was dissimilar between the two groups, we measured the differences in beta diversity using the unweighted UniFrac distance. Statistical data of the resulting matrices showed that three data points of Ang4-1treated mice were close together but were separated from the data points of the PBS-treated group (Figure 6D).
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FIGURE 6. Overall structure of the gut microbiota community after administration of Ang4. (A) Observed features (ASVs) determined by Illumina MiSeq platforms in PBS- and Ang4-treated groups. (B) Rarefaction curves were calculated at multiple sequence depths. (C) Shannon entropy to compare differences in alpha diversity between the two groups. (D) Beta-diversity of the gut microbiota using unweighted UniFrac measures. P-values were determined using two-tailed unpaired t-test or one-way ANOVA with Tukey’s multiple comparisons test; ns > 0.05, **P < 0.01.




Administration of Ang4 Alters Composition of Gut Microbiota

To identify the significantly altered gut microbiota between the PBS- and Ang4-treated groups at different taxonomic levels, including phyla, classes, families, and genera, the relative abundance of the microbiota was calculated. At the phylum level, the microbiota of both groups was dominated by Bacteroidetes and Firmicutes, and to a lesser extent included Proteobacteria, Verrucomicrobiota, and Actinobacteriota (Supplementary Figure 2A). Comparison of the relative abundances of microbiota at the phylum level revealed a significant increase in the phylum Verrucomicrobia in Ang4-treated mice compared with that in PBS-treated mice (Supplementary Figure 2B). At the class level, the predominant bacteria were Bacteroidia, Clostridia, and Bacilli, with minor presence of Verrucomicrobiae, Gammaproteobacteria, Coriobacteriia, and Actinobacteria (Supplementary Figure 2C). However, a comparison of the relative abundance of bacteria revealed that Bacilli and Verrucomicrobiae were significantly increased in Ang4-treated mice, whereas Clostridia was decreased in those mice (Supplementary Figure 2D). Family level analysis revealed that the relative abundance of Lactobacillaceae, Akkermansiaceae, and Atopobiaceae bacteria was increased, while that of Rikenellaceae, Ruminococcaceae, and Eggerthellaceae bacteria was decreased in Ang4-treated mice (Figure 7A). We further examined whether the relative abundance of bacteria differed between the two groups at the genus level. The results clearly showed specific differences in Ang4-treated mice, including increases in Lactobacillus, Dubosiella, Adlercreutzia, Coriobacteriaceae UCG-002, and Akkermansia, and a decrease in Roseburia, Alistipes, Enterohabdus, Negativibacillus, and Eubacterium brachy group (Figure 7B).
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FIGURE 7. Administration of Ang4 alters composition of gut microbiota. (A) Relative abundance of bacteria at the family level. (B) Relative abundance of the genera. All figures represent the fecal bacteria that were significantly altered between Ang4- and PBS-treated mice. P-values were determined by two-tailed unpaired t-test; *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

In the present study, we identified crucial cationic amino acid residues with different functionalities in the antibacterial activity of Ang4. Our findings indicate that Ang4 exerts potent antibacterial activity against S. typhimurium LT2 via membrane permeabilization. The antibacterial activity of Ang4 does not require RNase activity but is dependent on binding to bacteria through the cationic amino acid residues in the cell-binding segment as well as those in the N-terminal α-helix to induce permeabilization. The combination of these two functional sites of Ang4 may act sequentially to kill bacteria. In addition, studies on gut microbiota composition after the administration of Ang4 have revealed its potential roles on maintaining gut microbiota.

Our results demonstrate that the antibacterial activity of Ang4 is not linked to RNase activity. For instance, mutation of H12 by alanine, which is an integral part of its catalytic site, abolished RNase activity but retained antibacterial activity similar to that of the WT. This finding is consistent with other members of the RNase A superfamily, such as RNase 7 and RNase 3, which display antimicrobial activity based on lipid bilayer disruption rather than RNase activity (Huang et al., 2007; Torrent et al., 2010). We found that the cationic residues K7 and K30 in the N-terminal α-helix were critical for killing but not binding to the bacterial surface. However, R32 appeared to be involved in binding to bacterial cells, possibly because this residue is located at the end of the α-helix. The importance of the N-terminal α-helix for antimicrobial activity and membrane destabilization through residues 24–45 and residues 8–16, respectively, has been mentioned by human canonical RNases (Torrent et al., 2009, 2011, 2013). These findings are partially consistent with our data because mutants (K7A, K30A, R32A, and K7A/K30A) demonstrated less permeability than that of WT Ang4. Simultaneously, however, this finding raised a question regarding the critical residues responsible for Ang4 binding to the bacterial surface. Therefore, further mutational studies were conducted. Our data indicate that cationic residues in the cell-binding site, K58 and K59, are critical for both binding and killing activity, imparting a new insight into the bacterial binding site of Ang4.

Our results also demonstrated that significant enhancement of bacterial membrane permeability is pivotal for killing by Ang4. This finding resembled of most AMPs that mediate bacterial killing by disrupting bacterial cell membranes, demonstrated by the increase in fluorescent intensity of NPN and PI, which represents membrane permeability, and are considered as indicators of bacterial death (Benfield and Henriques, 2020). As expected, membrane permeabilization of K58A, K59N, and K58A/K59N double mutants was significantly reduced compared to that of WT Ang4 due to less binding. Interestingly, mutation of the K7 and K30 residues located near the center of the two N-terminal α-helices of Ang4 induced less permeability without affecting binding, indicating the involvement of these cationic residues in disrupting bacterial membranes. Indeed, pore formation is required to disrupt the membrane integrity of bacteria. It has been reported that the α-helix of AMPs contributes to the formation of pores by inserting helices into the lipid bilayer owing to its structural arrangement in which hydrophobic and hydrophilic faces are present in opposite directions (Zelezetsky and Tossi, 2006; Zhukovsky et al., 2019). In addition, studies on the structure-activity relationship of α-helical peptides revealed that conformational changes and flexibility of residues in the α-helix, are essential for the final pore formation or deeper insertion of molecules into the bilayer (Zelezetsky and Tossi, 2006). Thus, based on our findings, we propose that the initial association of Ang4 protein with the bacterial surface could be mediated through the cationic residues (K58 and K59) present in the cell binding segment, and that N-terminal two α-helices including cationic residues K7 and K30 are responsible for killing bacteria by increasing the permeability of bacterial membranes through the formation of pores.

It is known that the gut microbiota is influenced by antimicrobial proteins. However, to the best of our knowledge, no study has specifically explored alterations in microbial composition in Ang4-treated mice. Therefore, we performed studies to define the community structure of fecal bacteria in Ang4-treated mice. Our results demonstrated that, although there were no significant changes in alpha diversity, the observed features in Ang4-treated mice tended to be lower than those in PBS-treated mice. At the genus level, the results showed that the relative abundance of almost all bacteria that were significantly increased by the administration of Ang4 was considered beneficial for health. We found an increased abundance of Lactobacillus, which is regarded as protective bacteria and is thought to inhibit the proliferation of harmful bacteria by producing metabolites, such as lactic acid (Slover, 2008). In addition, Akkermansia, a mucin degrader that converts mucin to short chain fatty acids (SCFA) also increased in Ang4 treated mice, and is reported to influence immunoregulatory actions (Derrien et al., 2004). Furthermore, we observed an increased abundance of the symbiotic bacteria Dubosiella, equol-producing bacteria Adlercreutzia, and SCFA producer Coriobacteriaceae UCG-002 bacteria, which have been reported to possess many beneficial effects (Atkinson et al., 2005; Silva et al., 2020). However, certain SCFA-producing bacteria were decreased in Ang4-treated mice, such as Roseburia, which plays a significant role in regulating intestinal homeostasis through its metabolite, butyrate (Nie et al., 2021). In the Ang4-treated mice, we noted a significant reduction in the number of pathogenic bacteria, Alistipes, which is dominant in colorectal cancer (Parker et al., 2020). In addition, Enterohabdus bacteria, which have been reported to be associated with autoimmunity and IBDs (Clavel et al., 2009) were also significantly decreased. The observed changes in microbial composition induced by Ang4 suggest that the microbiota maintained by Ang4 may have anti-inflammatory potential.

It is reported that cationic antimicrobial proteins not only kill bacteria directly but also interact with host cells to modulate the inflammatory process (Hancock and Diamond, 2000; Hancock and Sahl, 2006). For direct killing, selectivity of certain AMPs are dependent on the composition of the bacterial membrane which is composed of distinct lipid structure in species of bacteria (Sohlenkamp and Geiger, 2015; Lei et al., 2021). On the other hand, AMPs exhibit immunomodulatory effects to clearance of bacteria or controlling inflammation through the recruitment and activation of innate immune cells such as neutrophils, monocytes, macrophage and dendritic cells, or proinflammatory cytokine suppression which could regulate gut microbiota (Hancock and Sahl, 2006; Mansour et al., 2014; Nazeer et al., 2021a). Thus, it is expected that Ang4 protein might interact with bacteria and host cells both to maintain intestinal bacteria composition. Indeed, extensive research is required to explore the interplay among Ang4 protein, host physiology and bacteria upon alteration of bacteria.

In conclusion, our study highlights that the antibacterial activity of Ang4 is achieved by the increase in bacterial membrane permeability, which is accomplished by the cationic residues present in the dual sites, including the N-terminal α-helix and cell-binding segment. This antibacterial function is distinct from that of conventional antibiotics, which inhibit cell wall synthesis, DNA replication, RNA transcription, and protein synthesis. Thus, Ang4 may not be susceptible to the rapid emergence of drug resistance, similar to that of antibiotics. In addition, alteration of the gut microflora by Ang4 reflects an increase in beneficial bacteria that are considered to have anti-inflammatory attributes. Because of its distinct bactericidal and potential anti-inflammatory properties, we believe that Ang4 could serve as a novel therapeutic agent to combat bacterial infections and inflammation.
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Antimicrobial peptides (AMPs) have attracted extensive attention because of their broad-spectrum antibacterial activity and low level of induced bacterial resistance. However, the development of some natural AMPs does not consider the perfect balance of structural characteristics, resulting in some empirical and controversial practices still existing. To further explore and complete the relationship between parameters and function of α-helix peptide, in this study, the natural antimicrobial peptide TP secreted from Bacillus strain of Tibetan pigs was selected as a template to investigate the effect of systematic mutations in the hydrogen bond formation site of the α-helical antimicrobial peptide on the activity and cell selectivity of the antimicrobial peptide. The target peptide TP(i+4) 1&2&5 with modification of two pairs of positively charged amino acids and a pair of hydrophobic amino acids showed excellent antibacterial ability and the best selectivity index (SI = 64) in vitro. At the same time, TP(i+4) 1&2&5 remained active in the presence of physiological salts and serum. The results of fluorescence, flow cytometry, and electron microscopy showed that the optimized sequences showed good antibacterial activity by membrane infiltration and membrane destruction. The potential of TP(i+4) 1&2&5 in vivo was tested in a mouse peritonitis model. Organ bacterial loads in the liver, kidney, spleen, and lungs of mice treated with TP(i+4) 1&2&5 were significantly lower compared to the infected group (p < 0.05). Overall, these findings contribute to the design and optimization of antimicrobial peptides with high activity and low toxicity and may accelerate the clinical application of antimicrobial peptides.

Keywords: TP, antimicrobial peptides, site-directed mutagenesis, antibacterial activity, treatment potential


INTRODUCTION

The overuse use of antibiotics promotes the emergence of drug residues and bacterial resistance, and the increasing number of drug-resistant bacteria is seriously threatening public health (Wiradharma et al., 2011; Wang et al., 2020; Fang et al., 2021; Lai et al., 2021). Therefore, it is more imperative than ever to design and identify alternative antibacterial drugs with new bactericidal modes.

Antimicrobial peptides (AMPs) exist widely in many kinds of organisms and an important part of the human body to resist the invasion of pathogenic microorganisms (Brown and Hancock, 2006). They not only have direct activity on bacteria, fungi, and viruses, but also have indirect immunomodulatory activity in the host (Mishra et al., 2019; Mookherjee et al., 2020). AMPs typically achieve antimicrobial effects by physically disrupting microbial membranes and inducing leakage of cellular contents, so they have a lower tendency to induce bacterial resistance than traditional antibiotics (Rončević et al., 2018). At present, to develop high-efficiency AMPs with practical application potential, modification of natural α-helix cationic AMPs has become a hot research object. In fact, there are quite a number of peptides that reveal weak antibacterial activity and are active against host cells causing toxicity (Joo et al., 2016). Several studies have proven that the degrees of antibacterial potency and cell selectivity are determined by the peptide physicochemical properties such as length, charge, secondary structure, hydrophobicity, and amphipathicity (Chen et al., 2007; Ma et al., 2015). With the development of the research, the enhancement of the efficacy of antimicrobial peptides is no longer the pursuit of the maximum value of efficacy due to the change of a single factor, but requires system transformation to find the optimal balance. Amphiphilicity is an important structural parameter of spiral AMPs (Gong et al., 2019; Lai et al., 2022). Amphiphilic α-helix AMP binds to the bacterial membrane by electrostatic attraction, and then, the hydrophobic end is inserted into the plasma membrane to destroy the bacterial membrane structure (Brogden, 2005; Findlay et al., 2010; Wiradharma et al., 2013). Previous research shows that destroying the perfect affinity of antimicrobial peptide can improve the activity of antimicrobial peptide, to explore the effect of different hydrophobic amino acid substitutions for amino acids in the hydrogen bond formation position of α-helical peptides on the antimicrobial activity of incompletely amphiphilic antimicrobial peptides. The results show that Trp to improve antibacterial activity is the most obvious (Zhu et al., 2014, 2015). However, there are few studies on perfect amphiphilic peptides.

In this research, through the understanding of the folding principle of helix peptide, the peptide carbonyl O atom and amide proton between the ith and (i+4) th amino acid positions form a paired hydrogen bond (H–H). To further explore the relationship between the structure and function of α-helical antimicrobial peptides, we selected the natural α-helical peptide TP. TP (ASVVNKLTGGVAGLLK) consists of 16 amino acids and is a natural AMPs secreted by Bacillus strains in the intestinal tract of Tibetan pigs (Xin et al., 2017). The hydrophobic end and the positively charged end are distributed on both sides, respectively, presenting a perfect amphiphilic α-helix structure. To exclude the influence of different amino acids on the experiment, Lys of TP peptide itself was selected as the substituted positively charged amino acid. Based on the effect of positive charge at H-H position on polarity surface, in the first step, all paired amino acids at the hydrogen bond formation positions (i, i+4) on the polar surface were replaced with Lys, respectively. Specifically, Lys substituted pairs of amino acids at the N5 G9, G9 G13, S2 K6, and K6 G10 sites on the TP peptide and named as TP(i+4) 1, TP(i+4) 2, TP(i+4) 3, and TP(i+4) 4. Subsequently, two and three pairs of different substitution combinations were designed and named as TP(i+4) 1&2, TP(i+4) 1&3; TP(i+4) 1&4; TP(i+4) 2&3; TP(i+4) 2&4; TP(i+4) 3&4; TP(i+4) 1&2&3; and TP(i+4) 1&2&4, TP(i+4) 2&3&4. We evaluated the activity and cell selectivity of the peptide synthesized in the first step and selected TP(i+4) 1&2 as the basis of the modification in the second step. Therefore, we carried out a reasonable replacement of the hydrophobic surface. The amino acids where Trp replaces T8 A12, L7 V11, and K6 G10 are named as TP(i+4) 1&2&5, TP(i+4) 1&2&6, and TP(i+4) 1&2&7, respectively. Similarly, their two and three different pairs of combinatorial substitutions were also designed and named as TP(i+4) 1&2&5&6, TP(i+4) 1&2&5&7, TP(i+4) 1&2&6&7, and TP(i+4) 1&2&5&6&7.

Secondary structure determination of designed peptides in 50% solution of 2,2,2-trifluoroethanol (TFE, mainly used to simulate the hydrophobic environment of bacterial cell membranes) and 30 mM sodium dodecyl sulfate (SDS, used to simulate the negatively charged environment of bacterial cell membranes). The cytotoxic and hemolysis properties of the synthetic peptides were investigated, and the antibacterial activity of these peptides was also tested. The stability of the peptide was verified by physiological salt and serum. To further explore the mechanism of peptide action, we used the permeability of outer membrane (OM) and inner membrane to conduct experiments. To directly observe the peptide action mode, we used scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to directly observe the bacterial morphology after peptide treatment. Meanwhile, the potential application of the target peptide in vivo was evaluated by mouse peritonitis model.



EXPERIMENTAL SECTION


Bacterial Strains and Materials

The bacteria strains Escherichia coli ATCC 25922, Escherichia coli UB1005, Salmonella typhimurium ATCC 14028, Salmonella typhimurium C7731, Pseudomonas aeruginosa ATCC 27853, Pseudomonas aeruginosa PAO1, Staphylococcus aureus ATCC 29213, Staphylococcus aureus ATCC 25923, Methicillin-resistant Staphylococcus aureus (MRSA) 43300, Enterococcus faecalis ATCC 29212, and Staphylococcus epidermidis ATCC 12228 were obtained from the College of Veterinary Medicine, Northeast Agricultural University (Harbin, China).



Synthesis and Structural Analysis of Peptides

All the amphiphiles designed in this study were synthesized by GL Biochem (Shanghai) Ltd. (Shanghai, China) using solid-phase peptide synthesis.

The secondary structure of the peptides (150 μm) was measured at wavelengths ranging from 195 to 250 nm using a J820 spectropolarimeter (Jasco, Tokyo, Japan). The mean residue ellipticity was converted using the following equation:

[image: image]

Where θobs is the observed ellipticity corrected for the buffer, c is the concentration of the peptides, l is the path length, and n is the number of amino acids in the peptides (Crusca et al., 2018).



Determination of Antimicrobial Activity

The bacteria were cultured overnight in the MHB medium and transferred to the new MHB the next day until the bacteria reached the exponential growth stage. The bacteria were diluted with MHB to 2 × 105 CFU/ml. About 50 μl of polypeptide and equal volume of bacterial suspension was added to a 96-well plate to give the final concentration of polypeptide between 1 and 128 μm. The last two columns are negative (MHB only) and positive (bacterial and MHB) controls and incubated at 37°C for 18–24 h. Optical density was measured at an absorbance wavelength of 492 nm using a microplate reader (Tecan GENios F129004, Tecan, Austria). At least three independent measurements were taken. Each trial was conducted two times in parallel. A total of three independent assays were carried out.



Preliminary Toxicity Test

The hemolytic activity of the amphiphiles was assessed by determining the hemolytic rate of the peptide to hRBCs. The cytotoxicity of each peptide was assessed with IPEC-J12 and HEK 293T cells. The specific experimental method is the same as the previous study (Xu et al., 2020; Xue et al., 2021). Each trial was conducted two times in parallel. A total of three independent assays were carried out.



Salts and Serum Stability Assays

The salt and serum stability of polypeptides were determined by improved MIC method (Lv et al., 2014). The salt and serum stability of polypeptides were determined by improved MIC method. Peptides were incubated with BSA containing different final concentrations of salt ions (150 mM NaCl, 4.5 mM KCl, 6 μm NH4Cl, 8 μm ZnCl2, 1 mM MgCl2, 2 mM CaCl2, and 4 μm FeCl3) (Wang et al., 2018). To determine the stability of the peptide in serum, peptide was incubated with different proportions of serum (50%, 100%) at 37°C for 4 h. The following steps are the same as those for antimicrobial activity. Each trial was conducted two times in parallel. A total of three independent assays were carried out.



Drug Resistance Assessment

Continuous culture method was used to evaluate the drug resistance of peptides. Colistin was used as model antibiotic to test the resistance of E. coli 25922. First, minimum inhibitory concentration (MIC) was determined for peptide and Colistin Next, the bacteria with each sub-MIC concentration were diluted to 2 × 105 CFU/ml with MHB for the MIC determination of the next passage. The process was repeated 30 times.



Germicidal Kinetic Test

The bacteria cultured to logarithmic growth phase were diluted to OD600 nm = 0.4 (3 × 108-4 × 108 CFU/ml) and diluted 1,000 times in phosphate buffer saline (PBS). The peptides with 1, 2, 4, 8, and 16 times the minimum inhibitory concentration (MIC) were incubated with the bacterial solution in a polypropylene test tube with a total volume of 1 ml at different time intervals (3, 5, 15, 30, 60, and 120 min). About 50 μl of the mixed solution was absorbed and diluted to an appropriate multiple (100 or 1,000). About 20 μl was extracted and evenly coated on MHA solid medium plate. After overnight incubation at 37°C, the colony number was calculated and the colony number curve was plotted for each time point. A total of three parallels per trial and four trials were repeated.



In vivo Efficacy Assay (Peritonitis–Sepsis Model)

The protocol used in this in vivo test was approved by the Animal Care Use Committee of Northeast Agricultural University (NEAU-[2011]-9), and all the animal care and treatment protocols were in line with the standards stipulated in the Regulations on The Management of Experimental Animals of Heilongjiang Province, China (revised in 2016).

A total of 32 female C57BL/6 mice (weighing about 20 g) aged from 6 to 8 weeks were selected. The mice in each group were divided into 4 groups by blind method (n = 8): (a) control group (saline), (b) infection group (E. coli 25922) (c) treatment group (E. coli 25922 + TP(i+4) 1&2&5. (d) treatment group (E. coli 25922 + Colistin). Mice in control group were intraperitoneally injected with 100 μl normal saline, and mice in other groups were intraperitoneally injected with 100 μl (~1 × 108 CFU/ml) diluted bacterial solution. The peptide treatment group was intraperitoneally injected with TP(i+4) 1&2&5 (5 mg/kg) at 0 and 1 h after infection, and the control group and antibiotic treatment group were injected with normal saline and colistin (1 mg/kg), respectively. The mice were then euthanized 12 h after infection. After weighing liver, lung, spleen, and kidney, the bacterial load of each organ was determined, and the histopathological changes in the organ sections were analyzed by H&E staining. Serum levels of inflammatory factors IL-6, IL-1β, and TNF-α were detected by ELISA kits (Shanghai Jinma).



Lipopolysaccharide (LPS) and Lipoteichoic acid (LTA) Neutralization Assays

The LPS and LTA binding affinities of the peptides was assessed with a fluorescent dye BC displacement method. In brief, LPS or LTA was mixed with BC dye at final LPS/LTA and BC concentrations of 50 and 5 μg/ml. The dye was incubated in the dark for 4 h, and the polypeptide was mixed with the dye. Fluorescence was measured using a fluorescence spectrophotometer (Hitachi, Japan) at an excitation wavelength = 580 nm and emission wavelength = 620 nm. LPS-binding affinities were calculated using the following equation:
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Where Ft is the fluorescence measured after peptide treatment, Fn is the negative control (the initial fluorescence of BC with a lack of the peptides), and Fp is the positive control (the fluorescence measured after polymyxin B (10 μg/ml) treatment). Because of its strong binding affinities, polymyxin B was used as the positive control (Kumar and Shin, 2020).



Outer Membrane (OM) Permeability Tests

The OM permeability of polypeptides was evaluated by fluorescent dye NPN. E. coli 25922 in the exponential phase were centrifuged at 5,000 g for 5 min at 4°C to discard the MHB, and the remaining bacterial cells were washed three times with HEPES (5 mM, pH = 7.4, containing 5 mM glucose) and resuspended with HEPES to OD600 nm = 0.2. Next, NPN dye (10 μm) and bacterial suspension were incubated for 30 min at 37°C in the dark. Afterward, peptides of equal volume and different concentrations were mixed. Fluorescence leakage induced by polymyxin B (20 μg/ml) was used as positive control. Fluorescence was measured using a fluorescence spectrophotometer (Hitachi, Japan) at an excitation wavelength = 350 nm and emission wavelength = 420 nm. The formula is as follows:
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Where Ft is the fluorescence measured after peptide treatment, Fn is the negative control (the initial fluorescence of NPN with a lack of peptides), and Fp is the positive control (the fluorescence measured after polymyxin B (10 μg/ml) treatment). Owing to its strong OM permeability, polymyxin B was used as the positive control.



Cytoplasmic Membrane (CM) Depolarization

Fluorescent dye DiSC3(5) method was used to determine the CM depolarization ability of polypeptides. E. coli 25922 and S. aureus 29213 in the exponential phase were centrifuged at 5,000 g for 5 min at 4°C to discard the MHB, and the remaining bacterial cells were washed three times with HEPES (5 mM, pH = 7.4, containing 20 mM glucose) and resuspended with HEPES to OD600 nm = 0.05. Then, DiSC3(5) dye (0.4 μm) and bacterial suspension were incubated for 1 h at 37°C in the dark. Next, 0.1 M KCl was added and then incubated with the bacteria for 30 min, and 2 ml of the mixture was added to each well of a 24-well plate. Afterward, fluorescence was measured using a fluorescence spectrophotometer (Hitachi, Japan) at an excitation wavelength = 622 nm and emission wavelength = 670 nm until a stable reduction in the fluorescence was achieved. Subsequently, the peptides at different concentrations were added to the 24-well plate, and the fluorescence was measured to 1,500 s.



Flowcytometry Analysis

The damage of peptide to bacterial membrane was evaluated by Becton-Dickinson, USA. The bacteria were cultured to logarithmic stage, washed with PBS, and modulated to OD600 nm = 0.2. The peptides with different concentrations were incubated with bacteria at 37°C for 1 h. Then 1 h later, it was incubated with PI (10 μg/ml) at 4°C for 30 min. Samples without peptide treatment were used as controls.



Fluorescence Imaging

Fluorescence microscopy was used to further evaluate the ability of peptides to destroy bacterial membranes. The peptides with different concentrations were incubated with bacteria at 37°C for 1 h. Then, SYTO 9 green fluorescent nucleic acid staining and PI red fluorescent nucleic acid staining were performed for 30 min. No peptide-treated bacteria were used as controls. Next, images are obtained using a fluorescence microscope.



Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Analysis

The bacteria were cultured to logarithmic stage, washed with PBS, and suspended again to OD600 nm = 0.2. About 4 μm of peptide with bacteria was incubated for 60 min, with no peptide as control. The method refers to the previous method in our laboratory (Lai et al., 2019; Yu et al., 2021).



Statistical Analysis

For statistical analyses, ANOVA was performed using SPSS software, one-way ANOVA was used across multiple groups (one-way ANOVA), and p < 0.05 was considered to indicate an extremely significant difference.




RESULTS AND DISCUSSION


Modification and Structural Analysis of Peptide

The specific substitution positions and naming are shown in Figure 1, 1–4 are the substitution positions of polar surface positively charged amino acids, and paired Lys substitutions N5 G9, G9 G13, S2 K6, and K6 G10 are named as 1, 2, 3, and 4, respectively. Because it is substituted based on the hydrogen bond formation position (i i+4) on the original peptide TP, so it is uniformly named as TP(i+4). Therefore, the peptides designed by substituting Lys for the N5 G9, G9 G13, S2 K6, and K6 G10 positions of the TP peptide were named as TP(i+4) 1, TP(i+4) 2, TP(i+4) 3, and TP(i+4) 4. Subsequently, considering whether the substitution has a cumulative effect, two and three pairs of different substitution combinations were subsequently designed (TP(i+4) 1&2, TP(i+4) 1&3, TP(i+4) 1&4, TP(i+4) 2&3, TP(i+4) 2&4, TP(i+4) 3&4, TP(i+4) 1&2&3, TP(i+4) 1&2&4, and TP(i+4) 2&3&4). In the second step, the most active TP(i+4) 1&2 was selected as the basis for the second transformation. The amino acids where Trp replaces T8 A12, L7 V11, and K6 G10 are named as TP(i+4) 1&2&5, TP(i+4) 1&2&6, and TP(i+4) 1&2&7. Similarly, their two and three different pairs of combinatorial substitutions were also designed and named as TP(i+4) 1&2&5&6; TP(i+4) 1&2&5&7, TP(i+4) 1&2&6&7, and TP(i+4) 1&2&5&6&7. The key physical and chemical parameters of the designed and synthesized peptides and the projection of the spiral wheel are shown in Table 1 and Supplementary Figure S2.


[image: Figure 1]
FIGURE 1. (A) Helical wheel projections of the TP and TP(i+4) 1&2, and schematic diagrams of alternate positions. The three-dimensional structure of these peptides was predicted on I-TASSER (Yang and Zhang, 2015), where blue represents positively charged amino acids, yellow represents hydrophobic amino acids, green represents Trp replacement sites, and gray represents other amino acids. (B) CD spectra of the TP, TP(i+4) 1&2, and TP(i+4) 1&2&5.



Table 1. Sequence and key physicochemical parameters of amphiphiles.

[image: Table 1]

The synthesized amphiphiles were designed to measure their molecular weights by mass spectrometry (MS) and reversed-phase high-performance liquid chromatography (RP-HPLC). As shown in Table 1, the measured molecular weight is basically consistent with the theoretical molecular weight.

The secondary structure of these peptides in different solutions was determined by circular dichroism (CD), and the results are shown in Figure 1B and Supplementary Figure S1. CD results show that there is a strong negative peak at 208 nm and a weak negative peak at 222 nm. This indicates that these peptides exhibit α-helical structure in membrane simulation solution (Lee et al., 2013). Meanwhile, we also analyze the α-helical content (Supplementary Figure S3) in different solutions. Lys replacing the hydrogen bond formation position improves the α-helical tendency of the peptide compared to TP. Compared with TP(i+4) 1&2, the α-helical tendency of the derivatives obtained from the hydrophobic surface replaced by Trp decreased to a certain extent. Through the determination of secondary structure, we found that the introduction of Trp reduced the helix content in different amplitude. The interaction between amino acid side groups has a great influence on the formation of helix structure (Louis-Jeune et al., 2012).



Antimicrobial Activity

The MICs of the designed peptides against gram-negative bacteria and gram-positive bacteria are shown in Table 2. In order to investigate the effect of substitution of positive charge at ith and i+4th positions on the antibacterial activity, 14 peptides were designed. Based on the experimental research, we found that compared with the original peptide TP, all of the peptides except TP(i+4) 3 showed inhibitory activity against negative bacteria. The TP(i+4) 1&2 of the first and second pairs replaced at the same time had the best activity. Based on the TP(i+4) 1&2, the effect of Trp replacing the hydrophobic active center and expanding the hydrophobic surface at both ends on the activity of the peptide was investigated. Compared with the TP(i+4) 1&2, other peptides showed compromised antimicrobial activity against both gram-negative and gram-positive bacteria. At the same time, TP(i+4) 1&2&5 was screened out by analysis and comparison.


Table 2. The MICsa (μm) of the peptides.

[image: Table 2]

The amount of charge has a direct effect on the activity of the amphiphiles, but with the development of research, the factors that affect the activity are not limited to the amount of positive charge carried by the peptide, but also depend on the degree of charge aggregation. As shown in Figure 1A, we simulated the structural diagrams of these amphiphiles. The substitution of different sites results in distinct charge aggregation of peptides. We know that from our preliminary activity results, the four peptides that replace a pair of amino acids at the ith and i+4th positions on the polarity plane with Lys are in the order of activity, which was TP(i+4) 2 > TP(i+4) 1 ≈ TP(i+4) 4 > TP(i+4) 3. As expected, TP(i+4) 2-positive charges closely distributed on one side had better activity and TP(i+4)1 and TP(i+4)4 with similar degree of charge aggregation and as we predicted, they had similar antibacterial activity. Compared with the other three peptides, TP(i+4) 3 has a lower charge density. At the same time, we also found through the analysis of its secondary structure TP(i+4) 3 which has a lower helical content than the TP. Many previous reports have suggested that the tendency to form α-helical structures is correlated with the antibacterial activity of α-helical AMPs (Zhao et al., 2013). According to the helical content data in Supplementary Figure S3, the contents of TP(i+4) 3 in TFE and SDS are 54.85 and 61.94%. Thus, we conclude that secondary structure is another important reason for its low activity. Based on the investigation of the initial activity of these amphiphiles substituted by Lys, we find that the stack effect of replacing two pairs is better than a pair effect and the three pairs effect. The antibacterial activity did not increase as the replacement logarithm increased. Excessive positive charge residue is easy to produce electrostatic obstruction which is not conducive to the activity of the peptide. Among them, the relationship between charge and biological activity is not linear and seems to show a threshold. The results showed that the antimicrobial activity of the peptides did not increase when the positive charge was above the threshold. The peptide in this study had the best antibacterial activity at a net charge of +5. This is consistent with the previous research (Lyu et al., 2019). TP(i+4) 1&2 with the best activity was selected to explore the effects of Trp replacement at the H-H positions on the hydrophobic center and the sides of the hydrophobic surface on the peptide activity and cell selectivity. We found that the design and synthesis of TP(i+4) 1&2&6 by replacing the position of the hydrophobic center did not increase the activity as expected, but decreased the activity compared with TP(i+4) 1&2. We discussed this result and concluded that Trp as a common amino acid in natural AMPs, which carries a large indole side chain, so the interaction between the side chains is more obvious (Lopes et al., 2013; Feng et al., 2020). As shown in Figure 1A, the Trp residues in the hydrophobic center were in contact with each other and wound together. Due to the interaction of side chains, the ability of the tryptophan side chain to insert into the bacterial plasma membrane was weakened, so the hydrophobic surface of TP(i+4) 1&2&6 was reduced as a whole, affecting its activity. In the experimental process, we also found that the H-H position of Trp at both ends of the hydrophobic surface significantly improved the activity of the amphiphiles, and the TP(i+4) 1&2&5 showed best compromised antimicrobial activity against both gram-negative and gram-positive bacteria. However, TP(i+4) 1&2&5&7 was significantly lower than TP(i+4) 1&2&6&7 and TP(i+4) 1&2&5&6 by analyzing the activity of multiple pairs of substituted peptides. By analyzing its hydrophobicity, we found that the value of TP(i+4) 1&2&5&7 was 0.879, much higher than that of TP(i+4) 1&2&6&7 and TP(i+4) 1&2&5&6. We infer that the relationship between hydrophobicity and bioactivity is not linear. When the hydrophobicity exceeded the threshold, the antibacterial activity of the antimicrobial peptides decreased rather than increase.



Hemolysis and Cytotoxicity of Peptides

The increasing number of experiments has prompted us to continue to investigate the obstacles to the practical application of these amphiphiles. In addition to their antimicrobial activity, the toxicity of these peptides in practical use is another important consideration (Zhu et al., 2020). To understand the effect of different substitution sites on the cytotoxicity of the peptides, we measured the cytotoxicity and hemolysis activity of these designed peptides. It was observed that Lys substituted peptides had weak cytotoxic effects on HEK 293T and IPEC-J2 cells (Figure 2B and Supplementary Figure S4). Similarly, these peptides rarely cause hemolysis even at maximum concentrations of 64 μm (Figure 2A). Through the significance analysis of these peptides, it was found that there was no significant difference between these 14 peptides. However, toxicity measurements of the amphiphiles based on the substitution of Trp on the hydrophobic surface showed that the introduction of hydrophobic amino acids enhanced the toxicity of the peptides. Except for TP(i+4) 1&2&6 and TP(i+4) 1&2&5, the other peptides showed high cytotoxicity and hemolysis. TP(i+4) 1&2&6 and TP(i+4) 1&2&5 maintained ~50% cell viability even at 128 μm. TP(i+4) 1&2&5 showed lower hemolysis than other peptides, and the hemolysis rate was <50% below 64 μm.
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FIGURE 2. (A) is the hemolytic activity of the designed peptides, (B) is the toxicity of the peptides designed for IPEC-J2 and HEK293T cells. A total of three independent tests were conducted for each test, and the data were expressed as mean ± SEM. Differences between groups at the same concentration were analyzed by one-way ANOVA. The values with different superscripts (a, b, c, d, e, f) indicate a significant difference (p < 0.05).


By comparing the toxicity of polypeptides formed by Lys substitution, it was found that paired Lys substitution at H-H formation sites increased activity without increasing toxicity. Trp is a hydrophobic amino acid with aromatic side chains. It is a special amino acid in peptide design. Previous studies have pointed out that introducing amino acids will also bring toxicity while improving activity. Therefore, at the beginning of the design, we predicted that selecting Trp as hydrophobic amino acid to substitute H-H position would bring certain toxicity to the peptide. Thus, as expected, the introduction of Trp increases the activity and toxicity of these peptides. However, by analyzing the toxicity of the peptides, we unexpectedly found that the substitution of tryptophan for TP(i+4) 1&2&6 in the hydrophobic center did not increase its toxicity. Meanwhile, the virulence of TP(i+4) 1&2&5&6 and TP(i+4) 1&2&6&7 was lower than that of TP(i+4) 1&2&5&7. We infer that the location of hydrophobic centers can effectively reduce peptide toxicity by Trp substitution. For further evaluating the cell selectivity of the peptides, we also calculated the SI which defined as the ratio of MHC to the geometric mean (GM) (Dufourc, 2008). As shown in Table 3, compared with other peptides TP(i+4) 1&2&5 has a good therapeutic index (SI = 64), indicating that TP(i+4) 1&2&5 has a greater application potential in the body.


Table 3. The MHC, GM, and TI values of the peptides.
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Salts and Serum Stability

The complex physiological environment is an important reason to limit the application of AMP in vivo (Shao et al., 2020). According to the above analysis results, TP(i+4) 1&2 and TP(i+4) 1&2&5 were selected for stability study. The stability difference between the selected optimal peptide for positive charge replacement and the optimal peptide for hydrophobic replacement was discussed. Therefore, we used an improved MIC method to evaluate the effects of different salt ion environments on peptide activity. Table 4 shows that different salt ion environments have no or only partial influence on MIC values of TP(i+4) 1&2&5. However, for peptide TP(i+4) 1&2, salt ions have a great influence on its activity. As indicated in Table 4, the stability of TP(i+4) 1&2&5 and TP(i+4) 1&2 in 50 and 100% serum was also determined. TP(i+4) 1&2&5 active serum had less effect compared to TP(i+4) 1&2.


Table 4. MIC (μm) values of designed peptides in the presence of physiological salts and serum.
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Although the peptides exhibit good antibacterial activity, its antibacterial activity will be reduced or even lost under physiological conditions of salt and serum. Poor stability is one of the main factors that limit the clinical application potential of AMPs. In many studies on natural peptides, it is not difficult to find that cations such as Na+ and Mg2+ are more likely to affect the activity of AMPs (Yu et al., 2011; Chu et al., 2013). Since the electrostatic force between the negative charge on the outer membrane of bacteria and the cationic AMPs attracts each other, therefore, that any factor that reduces the electrostatic interaction between the two, such as high ionic strength, will affect the antibacterial activity of AMPs (Han et al., 2016). However, in this study, TP(i+4) 1&2&5 was shown to have a strong inhibitory effect on gram-negative and gram-positive bacteria in the presence of salt. The TP(i+4) 1&2 of the positive charge replacement design is greatly affected by salt ions. They have the same positive charge and are close to amphiphilicity. However, TP(i+4) 1&2&5 was formed by replacing ith and i+4th with Trp, expanded the hydrophobic surface, and had higher hydrophobicity. It can be inferred that the strategic addition of hydrophobic residues to peptide sequences enhances the affinity of AMPs to bacterial membranes and thus the ability to overcome salt sensitivity. The serum environment had different degrees of inhibition on TP(i+4) 1&2&5 and TP(i+4) 1&2. This phenomenon can be explained using a balance between the free peptide molecule and the protein binding peptide molecule. As more free molecules combine their microbial targets, balance will be gradually released to more peptide molecules, which facilitates maintaining their antibacterial activity (Deslouches et al., 2005). In addition, the antibacterial activity decreased with the increase of serum concentration. This may be due to high concentrations of albumin binding to antimicrobial peptide molecules, which makes the peptide less active (Svenson et al., 2007).



Antimicrobial Mechanism Research

We evaluated the toxicity and activity of these peptides. Finally, TP, TP(i+4) 1&2, and TP(i+4) 1&2&5 were selected to study the mechanism of action. To make the mechanism description more reasonable and credible, the peptides are implemented in a comprehensive membrane operating system for typical bacteria. The membrane manipulation of E. coli 25922 and S. aureus 29213 from outside to inside was shown in the main body, from qualitative to quantitative, and from molecular components to morphology. The membrane permeation of gram-negative bacteria and gram-positive bacteria was studied with fluorescent probes, and the direct interaction between peptides and bacteria was observed under various microscopes.


LPS and LTA Neutralization Assays

The LPS and LTA are specific components with negative charge on the membrane surface of gram-negative and gram-positive bacteria, respectively, and are the main binding sites of most AMPs through electrostatic attraction (Koller and Lohner, 2014). As shown in Figures 3A,B, the binding affinity of TP(i+4) 1&2 and TP(i+4) 1&2&5 to LPS and LTA increased in a dose-dependent manner, suggesting that the peptides could bind negatively charged components of the membranes of gram-negative and gram-positive bacteria by electrostatic attraction. However, by comparison, it can be seen that the binding ability of TP(i+4) 1&2 to LPS/LTA is not as good as that of TP(i+4) 1&2&5. Many studies have shown that the binding ability of peptides to LPS and LTA is not only limited to positive charge, but also related to the amphiphilic structure of their helices (Wei et al., 2013; Rajasekaran et al., 2019). This explains that TP(i+4) 1&2 and TP(i+4) 1&2&5 with the same charge differ greatly in LPS-binding ability at the same concentration. We infer that the introduction of marginal side Trp reduces the amphiphilic structure of TP(i+4) 1&2&5 and makes TP(i+4) 1&2&5 with the same charge, which have higher LPS-binding ability.
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FIGURE 3. The mechanism of action of peptides, (A) and (B) are polypeptides to bind binding capabilities on specific substances and LTA on the bacterial membrane. (C) OM permeability of the polypeptide. (D) Depolarize of the CM of the synthesis of the peptides.




Outer Membrane (OM) Permeability

Membrane permeability is one of the most important characteristics of the peptide–membrane interaction, which determines the activity of cationic AMPs (Epand et al., 2010; Koller and Lohner, 2014; Paterson et al., 2017). OM is a special ingredient on the gram-negative fungus film. The permeability of the polypeptide to the OM was explorated with N-phenyl-1-naphthylamine (NPN) in the experiment. In general, the hydrophobic probe NPN is excluded by the bacterial outer membrane, but when the bacterial outer membrane is damaged or the structure loosens, the NPN will enter the cell membrane, resulting in the increase of fluorescence intensity. As shown in Figure 3C, here, we demonstrate that synthetic peptides penetrate the outer membrane barrier in a concentration-dependent manner, and the TP(i+4) 1&2&5 were able to penetrate the cell outer membrane adequately, with the percentage of permeabilization of the outer membrane reaching over 100% at peptide concentrations >16 μm. However, the ability of TP to act on bacterial outer membranes is poor.



Cytoplasmic Membrane Depolarization of Synthetic Peptides

In addition, we investigated the CM depolarization ability of these synthetic peptides using membrane potential-dependent probe DISC3-5. When cell membranes are permeated and destroyed, DISC3-5 was released into the medium resulting in an increase in fluorescence in the solution. As shown in Figure 3D, in E. coli 25922, the degree of TP(i+4) 1&2&5 depolarization was enhanced with increasing polypeptide concentration. However, at low concentrations (1 and 2 μm) of TP(i+4) 1&2, the difference between the curves was not significant since the effective inhibitory concentration was not reached. Overall, TP(i+4) 1&2&5 depolarized the bacterial inner membrane more efficiently. In S. aureus 29213, since TP(i+4) 1&2 and TP were inactive against positive bacteria, they did not appear to be able to effectively depolarize the bacterial inner membrane in this assay.




Resistance Development

The likelihood of antimicrobial peptides causing bacterial resistance is considered low but bacterial resistance is still an important research parameter (Andersson et al., 2016; Marston et al., 2016; Cw et al., 2021). Figure 4A shows the potential of TP(i+4) 1&2, TP(i+4) 1&2&5, and colistin to induce bacterial resistance. Colistin resistance appeared as early as the sixth generation, with a 256-fold increase in MIC values after 30 generations and the antibacterial efficacy of TP(i+4) 1&2&5 and TP(i+4) 1&2 did not change during the trial. The results of the mechanism of action study in the previous step showed that the designed peptides exert their antibacterial action mainly by penetrating and disrupting bacterial cell membranes. Bacteria can only resist the physical disruption of the peptide by altering their membrane structure, and therefore, the possibility of AMPs inducing resistance in bacteria is low. Polymyxin, as a control, showed a 256-fold increase in MIC values after 30 generations of polymyxin at the end of the assay period. It has been shown that resistance to polymyxin is associated with plasmid-mediated delivery of the gene MCR1 between strains and the addition of cationic moieties (L-Ara4N and pEtN) to the LPS. In summary, TP(i+4) 1&2&5 and TP(i+4) 1&2 act in a similar manner to most AMPs, where the positive charge on the surface of AMPs is electrostatically attracted to the negative charge of the bacterial membrane, and when the concentration of AMPs reaches a certain threshold, their hydrophobic ends insert into the bacterial membrane disrupting it and causing it to leak until death. This mode of action greatly reduces the likelihood of drug resistance in microorganisms and gives AMPs an unprecedented advantage in preventing the development of bacterial drug resistance.
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FIGURE 4. (A) Resistance developments in the presence of a sub-MIC concentration of peptides TP(i+4) 1&2, TP(i+4) 1&2&5, and colistin. (B) Bactericidal kinetics of TP(i+4) 1&2&5 and TP(i+4) 1&2 against E. coli 25922; (C) FCM was used to analyze the damage of peptide to bacterial membrane. (D) Fluorescence microscopy, green signal: SYTO 9, red signal: PI.




Bactericidal Kinetics

Thus, the resistance of E. coil 25922 to TP(i+4) 1&2 and TP(i+4) 1&2&5 and the bactericidal dynamic curve of the target amphiphilic peptide against the infected strain were evaluated before preclinical testing. The time killing curve of E. coli 25922 was determined, and it was found that the target peptide caused the decrease of bacteria within 0–15 min, and then, the bactericidal rate tended to slow down. However, neither peptide at 1 × MIC concentration could provide sufficient power to completely kill the pathogen within 2 h (Figure 4B). With the increase of peptide concentration, TP(i+4) 1&2&5 at 4 × MIC can completely kill E. coli 25922 within 2 h. 8 × MIC and 16 × MIC can kill pathogens within 3 min. TP(i+4) 1&2 do not completely kill E. coli 25,922 even at 16 × MIC concentration. The hydrophobicity is an important factor that affects the antibacterial efficiency. TP(i+4) 1&2 has poor bactericidal effect because TP(i+4) 1&2 and TP have low hydrophobicity.



Flow Cytometry (FCM) and Fluorescence Microscope

Using FCM and the nuclear fluorescent dye PI, which can penetrate the damaged membrane, the damaging activity of peptide on the bacterial membrane was evaluated. Meanwhile, fluorescence microscopy was used to observe the ability of the peptide to destroy bacterial membranes (Shi et al., 2006). The degree of membrane rupture (PI fluorescence signal) increased with the increase of peptide concentration (Figure 4C). TP(i+4) 1&2&5 caused more than 80% of E coli 25922 rupture and more than 70% of S aureus 29213 rupture. Compared with TP(i+4) 1&2 and TP, TP(i+4) 1&2&5 has stronger ability of sterilization by membrane breaking. At the same time, fluorescence imaging analysis was performed using the non-membrane permeable nucleic acid dye propidium iodide (PI) and the membrane permeable nucleic acid dye SYTO 9. The fluorescence images showed a similar trend to the FCM results (Figure 4D). These results further confirm that TP(i+4) 1&2 and TP(i+4) 1&2&5 kill bacteria by destroying the integrality of the bacterial membranes.



SEM and TEM

For a more intuitive observation of the activity mechanism of the peptide, SEM and TEM further examined the effects of TP, TP(i+4) 1&2, and TP(i+4) 1&2&5 on the cell morphology of E. coli 25922 and S. aureus 29213 (Figure 5). The control group was E. coli 25,922 and S. aureus 29,213, which were not treated with peptide. The test results could be observed that their bacterial cell membrane surface was full and smooth with no signs of rupture and the bacterial membrane was in good condition. The TP-treated bacterial cell membranes showed slight wrinkles on the surface, but no obvious pores or fragmentation was observed. The TP(i+4) 1&2- and TP(i+4) 1&2&5-treated E. coli 25922 showed visible folds and large pores and breaks on the surface of the bacterial cell membrane, but TP(i+4) 1&2 was less effective than TP(i+4) 1&2&5. Since there is no activity against TP(i+4) 1&2-positive bacteria, the cell membrane state of S. aureus 29213 treated with TP(i+4) 1&2 in the figure is not significantly different from the control. The effects of TP, TP(i+4) 1&2, and TP(i+4) 1&2&5 on the membrane ultrastructure of E. coli 25922 and S. aureus 29213 were further visualized using TEM. It was clearly observed that the membranes of the control group without peptide treatment were clear and intact, with no structural changes and dense internal cell structure. The outer and plasma membranes of E. coli 25922 and S. aureus 29213 treated with TP(i+4) 1&2&5 were clearly separated, the cell membranes were ruptured, and the cytoplasm was leaking. However, since TP(i+4) 1&2 had no activity against the positive bacteria, there was no significant difference between the treated S. aureus 29213 and the control.
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FIGURE 5. SEM and TEM micrographs of E. coli 25922 and S. aureus 29213 treated with TP, TP(i+4) 1&2 and TP(i+4) 1&2&5 for 60 min. SEM: the scale bar is 2 μm. TEM: the scale bar is 1 μm. The red arrows point to areas of obvious damage to the bacterial film.




In vivo Efficacy

Preliminary in vitro antibacterial activity and toxicity determination and analysis provided the basis for AMPs in vivo. Through the comprehensive study and screening of the activity and toxicity of these synthetic peptides as well as the mechanism of action, the potential application of the ultimate target amphiphiles in vivo was studied. We evaluated the in vivo therapeutic effects of TP(i+4) 1&2&5 in the E. coli 25922-mediated C57BL/6 mouse peritonitis model and selected colistin as a control. TP(i+4) 1&2&5 and colistin treatment significantly reduced bacterial load in multiple organs (Figure 6A). Histopathological examination showed that TP(i+4) 1&2&5 therapy significantly reduced multi-organ inflammatory response in varying degrees compared with the infected group. The infiltration of lung and hepatitis cells decreased, and the bleeding of kidney and spleen decreased. No significant lesions were observed in these organs after the peptide treatment (Figure 6C). In addition, to evaluate the therapeutic effect of the target peptide in vivo, serum levels of interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) were measured. The test results showed a significant reduction in serum levels of IL-1β, IL-6, and TNF-α compared to the E. coli 25922-infected group. IL-1β is considered to be a pro-inflammatory cytokine that plays an important role in the host's defense response to acute infection (Schmidt and Lenz, 2012; Li et al., 2017). IL-6 is a major mediator of sepsis and can cause septic shock through hemorrhage and severe oedema. TNF-α is secreted by immune cells (activated macrophages, monocytes, and T cells). The overexpression of TNF-α is associated with body damage such as apoptosis and tissue inflammation and also induces the recruitment of other inflammatory cells (Jiang et al., 2016; Gao et al., 2021). As the results shown in Figure 6B, the levels of inflammatory factors were significantly lower in the peptide-treated group than in the infected group. The reduction in these proinflammatory cytokines suggests that TP(i+4) 1&2&5 also has potential anti-inflammatory effects in vivo.
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FIGURE 6. In vivo therapeutic evaluation of the target peptide TP(i+4) 1&2&5 in a mouse model of bacterial peritonitis (A) Bacterial load in different organs (n = 6) (B) Regulation of peptides on serum cytokine (IL-6, IL-1β, and TNF-α) levels (C) Peritonitis C57BL/6 mice liver, spleen, kidney, lung tissue pathological morphology observation. Scale bar: 100 μm. (A,B) Values with different superscripts (a, b, c, d) indicate a significant difference (p < 0.05).





CONCLUSION

In this study, the natural perfect amphiphilic antimicrobial peptide TP was used as a template for modification, and the influence of the systematic substitution of Lys at the hydrogen bond formation position (i, i+4) on the structure and activity of the peptide was investigated. Based on the first step, the influence of the substitution of Trp for the hydrophobic center and the positions i and i+4 on both sides of the peptide activity and cell selectivity was discussed. Although the peptides designed and synthesized varied in size and helices, TP(i+4) 1&2, which had a higher charge density, was found to be more active than other peptides. At the same time, we found that the specific substitution of ith and i+4th positions on both sides of the hydrophobic surface gave better activity. The target peptide TP(i+4) 1&2&5 was selected by comprehensive evaluation that has good activity against gram-negative bacteria and gram-positive bacteria. The present results also show that it still has good activity in the presence of physiological salt and serum and has the ability to penetrate and destroy membrane integrity. At the same time, it has good therapeutic effect on peritonitis model in mice. Together, these results can be generalized to a useful method for designing and optimizing spiral AMPs with enhanced cell selectivity.
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The high level of inherent drug resistance of Mycobacterium abscessus makes the infection caused by it very difficult to be treated. The objective of this study was to evaluate the potential of nosiheptide (NOS) as a new drug candidate for treating M. abscessus infections. The microplate AlamarBlue assay was performed to determine the minimum inhibitory concentrations (MICs) of NOS for 28 reference strains of rapidly growing mycobacteria (RGM) and 77 clinical isolates of M. abscessus. Time-kill kinetic and post-antibiotic effect (PAE) of NOS against M. abscessus was evaluated. Its bactericidal activity against M. abscessus in macrophages was determined by an intracellular colony numerating assay. NOS manifested good activity against the reference strains of RGM and M. abscessus clinical isolates in vitro. The MICs of NOS against M. abscessus clinical isolates ranged from 0.0078 to 1 μg/ml, and the MIC50 and MIC90 were 0.125 μg/ml and 0.25 μg/ml, respectively. The pattern of growth and kill by NOS against M. abscessus was moderate with apparent concentration-dependent characteristics, and the PAE value of NOS was found to be ~6 h. Furthermore, NOS had low cell toxicity against the THP-1 cell line after 48 h of exposure (IC50 = 106.9 μM). At 4 μg/ml, NOS exhibited high intracellular bactericidal activity against M. abscessus reference strains with an inhibitory rate of 66.52% ± 1.51%, comparable with that of clarithromycin at 2 μg/ml. NOS showed suitable inhibitory activities against M. abscessus in vitro and in macrophages and could be a potential drug candidate to treat M. abscessus infection.
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 Mycobacterium abscessus, nosiheptide, intracellular bactericidal activity, susceptibility, cytotoxicity


Introduction

Nontuberculous mycobacteria (NTM) are infecting populations at increasing rates in China and globally (Brode et al., 2017; Baldwin et al., 2019). Many species of NTM have been reported and are categorized into rapidly growing mycobacteria (RGM) and slowly growing mycobacteria (SGM) according to their speed of growth (i.e., the appearance of visible colonies on a solid medium within or after 1 week). Mycobacterium abscessus complex is the most frequently isolated RGM in the clinical specimen in China, and it mainly causes pulmonary disease, while soft tissue infections are also encountered frequently (Compain et al., 2018). M. abscessus is notorious for its high level of inherent antibiotic resistance; therefore, its infections are usually difficult to be treated (Ferro et al., 2015; Le Run et al., 2019). The sustained sputum culture conversion rate of pulmonary disease caused by M. abscessus, when treated with clarithromycin (CLA) containing regimen, was 34% while it was only 20% for the refractory cases (Pasipanodya et al., 2017). Therefore, M. abscessus pneumonia is named “antibiotic nightmare” (Nessar et al., 2012). The limited availability and efficacies of the few available medication choices highlight the desperate need for new or repurposed drugs to change this clinical predicament.

Nosiheptide (NOS), a sulfur-containing polypeptide antibiotic produced by Streptomyces actuosus, has been widely used as an antimicrobial feed additive in animal food production to improve feed efficiency and promote feed efficiency in poultry and pigs without leaving any residues in the body (Benazet and Cartier, 1980; Cromwell et al., 1984). A previous study showed that NOS possessed substantial activities against Gram-positive bacteria, including methicillin-resistant Staphylococcus aureus, penicillin-resistant Streptococcus pneumonia, and vancomycin-resistant enterococci (Haste et al., 2012). Furthermore, NOS also demonstrated potent inhibitory activity in vitro against some SGM species, including Mycobacterium avium, Mycobacterium intracellulare, and Mycobacterium bovis (Hosoda et al., 2019).

To better understand the antimicrobial activity of NOS against RGM, we determined the minimum inhibitory concentrations (MICs) of 28 RGM reference strains and 77 clinical isolates of M. abscessus collected in Beijing, China. Furthermore, M. abscessus time-kill kinetic and the post-antibiotic effect (PAE) of NOS were characterized, while the bactericidal activity against M. abscessus in macrophages was also analyzed. Our results indicated that the rediscovery of the current antibiotics can supply a meaningful strategy to screen therapeutic candidates for M. abscessus, which is considered one of the pathogens with the most severe drug resistance.



Materials and methods


Ethics statement

As the study only involved laboratory testing of mycobacterial strains without the direct involvement of human subjects, ethical approval was not sought.



Bacterial strains and culture conditions

The mycobacterial reference strains used in this study were stored in the Bio-bank in Beijing Chest Hospital. These reference strains were obtained either from the American Type Culture Collection (ATCC) or the German Collection of Microorganisms (DSM). The species constitution of the tested strains is listed in Table 1.


TABLE 1 Minimum inhibitory concentrations (MICs) of nosiheptide (NOS) against reference strains of 28 rapidly growing mycobacterium (RGM) species.

[image: Table 1]

The M. abscessus clinical strains, isolated from the patients with pulmonary infections, were classified as NTM preliminarily with a p-nitrobenzoic acid-containing medium and then were identified at the species level by sequence alignment of 16S rRNA, hsp65, rpoB, and 16-23S rRNA internal transcribed spacer sequence in parallel (Lee and Whang, 2017). All the strains were stored at −80°C freezer and were subcultured on solid Löwenstein-Jensen medium at 37°C.



MIC testing

Nosiheptide and CLA were purchased from Toronto research chemicals (Canada, CAS: 56377-79-8, Cat No.: N884000) and Solarbio (China), respectively. The above antibiotics were dissolved in dimethyl sulfoxide (DMSO, Sigma, USA) at an 8 mg/ml concentration and stored at −20°C. The broth microdilution method was performed according to the guidelines from the Clinical and Laboratory Standards Institute (CLSI) (Wayne, 2011). Cation-adjusted Mueller-Hinton broth (CAMHB) was used for the MIC test of RGM. Final concentrations of NOS in titration reaction ranged from 0.0078 to 8 μg/ml by serially 2-fold diluted in a 96-well microtiter plate. Cultures were scraped from LJ media, homogenized, then adjusted to McFarland 0.5 with sterile saline, and diluted 200-fold for inoculation. A volume of 100 μl of diluted inoculum was added to each well. The plates were incubated at 37°C for 3 days. Notably, 20 μl of AlamarBlue (BD, USA) and 50 μl of 5% Tween 80 (Sangon Biotech, China) were added to each well, and the plates were re-incubated at 37°C for an additional 24 h before assessing color change. The blue color indicated no cell growth, and the pink color indicated mycobacterial growth (Coeck et al., 2016). The MIC was defined as the lowest concentration of drug that inhibited color change from blue to pink. CLA was used as a positive control, and the reported MICs of M. abscessus ATCC19977 to CLA are 0.0625 or 0.125 μg/ml in different batches.



Minimum bactericidal concentration against M. abscessus

Minimum bactericidal concentrations (MBCs) of NOS and CLA were determined to distinguish bacteriostatic activity from bactericidal activity. M. abscessus reference strains (ATCC 19977) and five clinical isolates of M. abscessus, including two with smooth morphology and three with rough morphology, were tested. After 4 days of incubation with drugs at different concentrations, the wells in which the drug concentrations were higher than the MIC were tested, and 100 μl medium from each well was serially diluted (by 10-fold) and inoculated onto Mueller Hinton (MH) agar plate. The colony-forming units (CFUs) were counted after 5 days of incubation at 37°C. The MBC value was defined as the drug dilution, which resulted in a 99.9% decreased CFU in contrast to the initial bacterial load (Ling et al., 2015). An antibiotic was considered bactericidal when the MBC/MIC ratio was ≤ 4; otherwise, it was considered bacteriostatic (Zhang et al., 2020).



FACS analysis by flow cytometry

Cell membrane integrity was determined by the propidium iodide (PI)-based method as previous report (Baindara et al., 2016). M. abscessus (ATCC 19977) cells were grown to the mid-exponential growth phase and centrifuged at 8,000 rpm for 10 min, and the cell pellet was washed three times with phosphate-buffered saline (PBS). The pellet was diluted with PBS to a cell density of 106 CFU/ml. Subsequently, it was treated with 4 μg/ml of NOS or CLA separately and incubated at 37°C for 1, 3, and 6 h. Cells treated with PBS were used as untreated control. The cell pellets were thoroughly washed three times with PBS and treated with PI (20 μg/ml) for 15 min. Cells were centrifuged, and the pellet was washed with PBS three times to remove excess PI. Cells were fixed with 4% paraformaldehyde for 20 min at room temperature. Subsequently, the samples were immediately analyzed using a flow cytometer (BD LSRFortessa, USA).



Time-kill assay

The reference strain of M. abscessus was prepared fresh for each experiment by growing over 24 h in CAMHB containing 0.05% Tween 80, to obtain bacteria in the early logarithmic phase of growth. Tubes (5 ml) of CAMHB, containing NOS or CLA at 1 × MIC, 2 × MIC, 5 × MIC, 10 × MIC, or 20 × MIC, were inoculated with 5 ×105 CFU/ml of bacterial cells. The tubes were incubated with shaking at 200 rpm/min for 5 days at 37 °C. A growth control tube, containing only bacteria (no antibiotics), as well as a sterility control (medium only), was included. The bacteria were enumerated at defined time intervals (12, 24, 48, 72, 96, and 120 h) by plating serial dilutions on MH agar plates. CFUs were enumerated after an additional 5 days of incubation at 37°C. A CFU count curve was drawn over time to characterize the effect of the antibiotics in different treatment concentrations.



Post-Antibiotic effect

The PAE was determined as described previously (Islam et al., 2019). In Middlebrook 7H9 broth with 0.05% Tween 80, M. abscessus (ATCC 19977) in the early log phase [optical density at 600 nm (OD600) = 0.2] was exposed to NOS or CLA at the same concentration of 10 μg/ml. The same density of bacterial cells with DMSO but no drug was used as a positive control, whereas fresh medium without any bacteria and drug was used as a negative control. The cultures were incubated at 37°C under shaking conditions for 2 h. Antibiotics were removed by centrifugation and washing three times with pre-warmed Middlebrook 7H9 broth supplemented with 0.05% Tween 80. Then, the cultures were incubated at 37 °C with shaking until they reached maximum OD600 (OD max). The OD600 of each culture was determined every 24 h after drug removal. PAE was defined as the time taken for the antibiotic-treated culture to reach 50% ODmax of the drug-free culture minus the time taken for the drug-free control to reach the same point (Islam et al., 2019).



Cytotoxicity assay

THP-1 was purchased from the Wuhan Procell Life Science & Technology Co., Ltd and used to evaluate the cytotoxicity of NOS. Cells were seeded into 96-well plates at a density of 3 ×104 cells/well and differentiated into macrophages with phorbol myristate acetate (PMA) at a final concentration of 200 ng/ml at 37°C with 5% CO2 (Leinardi et al., 2020). After 48 h, cells were washed twice with PBS. Different concentrations (2.5 μM, 5 μM, 10 μM, and 20 μM) of NOS, diluted in RPMI-1640 medium with 10% fetal bovine serum (FBS), were added into the wells and incubated for an additional 24 h and 48 h. DMSO was used as a negative control. NSC 228155 (MedChemExpress, USA), as an activator of EGFR and was reported to be toxic in breast cancer MDA MB468 cell line, was used as a positive control at a final concentration of 2.5 μM (Zhao et al., 2020). The cytotoxicity of THP-1 was measured following the instructions in the manual provided in the cell counting kit-8 (CCK-8, Solarbio, China). After carefully removing the cell culture medium, 10 μl of CCK8 and 90 μl of RPMI-1640 medium (without 10% FBS) were added to each well and kept at 37°C for 2 h. Then, the absorbance was measured at 450 nm wavelength using the Multiskan FC microplate reader (Thermo Fisher, USA). The cell survival rate was calculated by the following equation: cell survival rate (%) = (absorbance of the experimental group-background absorbance)/(absorbance of the control group-background absorbance) ×100%. In addition, the cytotoxicity was also determined using undifferentiated THP-1 cells.



Intracellular killing and concentration-kill assay

The THP-1 cells were seeded at 5 ×105 cells/well in a 24-well plate and induced to differentiate into macrophages with PMA (200 ng/ml) for 48 h. The cells were infected at a multiplicity of infection (MOI) of 1:1 or 10:1 with M. abscessus (ATCC 19977) suspended in RPMI 1640 medium with 10% FBS. After 4 h of infection at 37 °C in 5% CO2, the cells were gently washed three times with pre-warmed 1 × PBS to remove the extracellular bacteria. Amikacin (200 μg/ml) diluted in RPMI 1640 medium with 10% FBS was added to kill the remaining extracellular bacteria for an additional 2 h (Chen et al., 2021). NOS was added to the corresponding well at 4, 2, and 1 μg/ml, and CLA at the same respective concentrations was used as a positive control, while a culture medium with DMSO was used as a negative control. The synergistic bactericidal effect was also evaluated using a combination of NOS (1 μg/ml) and CLA (1 μg/ml). After 48 h, the cells were lysed with 0.01% Triton X-100 and then serially diluted with 1 × PBS. The number of CFUs was quantified by plating them onto MH agar plates. The percentage of intracellular bacterial survival rate was calculated by the following equation: viability = CFU of bacteria under the treatment of NOS or CLA/CFU of bacteria treated with DMSO ×100%.



Statistical analysis

All the experiments were performed in triplicate. The tentative epidemiological cutoff (ECOFF) was determined according to the distribution profile of the MIC values. For the unimodal MIC distribution profile, ECOFF was defined as the concentration that could inhibit 95% of the bacterial population; for the bimodal MIC distribution profile, ECOFF was set between the two populations (Yu et al., 2019). Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software Inc., La Jolla, CA, USA). For cytotoxicity and intracellular bactericidal assay, one-way ANOVA was used to determine significant differences between the groups. The calculation of the half-maximal inhibitory concentration (IC50) values of NOS on the THP-1 cell line was performed by nonlinear regression.




Results


MICs of NOS against the reference strains

The MICs of the 28 RGM reference strains against NOS are presented in Table 1. NOS exhibited good in vitro activity against the recruited RGM reference strains. Notably, 17 out of 28 RGM species had MICs ≤ 2 μg/ml, and 12 of them had MICs ≤ 0.5 g/ml. Among the 11 remaining RGM species, 7 had MICs of >8 μg/ml, whereas the other four had MICs of 4 μg/ml.



MBCs of NOS against M. abscessus isolates

The MICs of NOS against the reference strain of M. abscessus were 0.125 μg/ml. The MIC distribution of the 77 M. abscessus clinical isolates is shown in Figure 1. Except for one isolate with MIC >8 μg/ml, the MICs of NOS against M. abscessus clinical isolates ranged from 0.0078 μg/ml to 1 μg/ml. The MIC50 and MIC90 were 0.125 μg/ml and 0.25 μg/ml, respectively. NOS exhibited potent activity against M. abscessus with a tentative ECOFF of 0.5 μg/ml, whereas the overwhelming majority of the isolates (79.2%, 61/77) had MICs ≤ 0.125 μg/ml.


[image: Figure 1]
FIGURE 1
 The minimum inhibitory concentration (MIC) distribution of nosiheptide (NOS) against Mycobacterium abscessus isolates. The MIC was determined by microtiter plate AlamarBlue assay. The MIC outcome of NOS against M. abscessus ATCC19977 was on the top. The blank group: only bacteria without drugs; NC group: negative control group, this group was free of bacteria and drugs to prove that the experiment was not contaminated.


The MBC/MIC ratios of NOS against M. abscessus reference strains and 5 clinical isolates ranged from 32 to 128, while these of CLA ranged from 8 to 32 (Table 2). Since both NOS and CLA had MBC/MIC ratios >4 against the recruited strains, the bacteriostatic effect was then recognized for them.


TABLE 2 Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) values, and antibacterial activities of NOS and clarithromycin (CLA) against Mycobacterium abscessus.
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FACS analysis by flow cytometry

The membrane integrity experiment was determined using nucleic acid stain PI. Compared with a negative control with PBS, up to 0.2 % of cells showed PI uptake in NOS (4 μg/ml, 32 × MIC) or CLA (4 μg/ml, 64 × MIC) groups, respectively, which hints the integrity of the cell membrane that was not destroyed after treatment up to 6 h (Figure 2). These data suggested that both NOS and CLA worked as a bacteriostatic agent for M. abscessus


[image: Figure 2]
FIGURE 2
 Determination of membrane-permeabilizing properties of NOS by FCM of M. abscessus ATCC 19977. Bacterial cells are treated with NOS and clarithromycin (CLA) in a time-dependent manner. The percentage of bacterial cells shows the increased uptake of propidium iodide with increasing time intervals. (A) Bacterial cells without treatment serve as a negative control. (B–D) The results after 1, 3, and 6 h of treatment with NOS (4 μg/ml). (E–G) The results after 1, 3, and 6 h of treatment with CLA (4 μg/ml). Samples were prepared in phosphate-buffered saline (PBS).




Time-kill assay

In general, the patterns of growth and killing by NOS and CLA against M. abscessus were moderate with apparent concentration-dependent features (Figure 3). Killing effects were observed at all the tested concentrations in the first 16 h drug for both NOS and CLA. Within 16 h−48 h explosion, only the exposure concentrations at 20 × MIC of NOS could effectively decrease the bacterial density. In contrast, concentrations at 20 × MIC, 10 × MIC, and 5 × MIC of CLA presented killing effects within 16 h−48 h drug explosion. However, regrowth was observed with all the tested concentrations after 48 h exposure for both NOS and CLA. On day 5, NOS acquired a mean 0.22 log10 CFU ml−1 decrease, whereas CLA had a 0.45 log10 CFU ml−1 increase at 20 × MIC of each antibiotic, compared with the initial inoculum (5.48 log10 CFU ml−1).


[image: Figure 3]
FIGURE 3
 Time-kill kinetics of (A) NOS and (B) CLA against M. abscessus ATCC 19977. Antibiotic concentrations are presented as different symbols. Dimethyl sulfoxide (DMSO) was used as a negative control, and CLA was used as a positive control. *P < 0.05; **P < 0.01.




The PAE of NOS and CLA against M. abscessus

Following 2 h of exposure to 10 μg/ml of NOS or CLA, the retarded growth of M. abscessus was monitored. The PAE value of NOS was found to be approximately 6 h, which was shorter than CLA (12 h) (Figure 4).


[image: Figure 4]
FIGURE 4
 Post-antibiotic effect (PAE) in the growth of M. abscessus ATCC19977 after pulse dosing with NOS and CLA. CLA was used as a positive control and DMSO as a negative control. All data are shown as the means ± SD (n = 3). NOS vs. DMSO. *P < 0.05; **P < 0.01; ***P < 0.001.




Cytotoxicity assay

According to the CCK8 assay, the survival rate of the differentiated THP-1 when exposed to NSC 228155 (2.5 μM), which was used as a positive control, was 4.19% (24 h) and 0.47 % (48 h), respectively. The IC50 of NOS against the differentiated and undifferentiated THP-1 cell lines for 48 h of exposure were ~106.9 and 91.8 μM, respectively. When the concentration of NOS was lower than 20 μM, the survival rates of the differentiated and undifferentiated THP-1 were nearly 100% within 24 h of the exposure. When extending the incubation time to 48 h, the survival rate of the differentiated THP-1 was comparable with that of DMSO with a NOS concentration lower than 2.5 μM (i.e., 3.06 μg/ml, equal to 24 times MIC of M. abscessus reference strain ATCC 19977). With the NOS concentration at 10 μM or 20 μM for 48 h exposure, the differentiated THP-1 cells' survival rates were 84.80 and 74.94%, respectively. Additionally, the undifferentiated THP-1 cells' survival rates were 82.20 and 77.07%, respectively (Figure 5).


[image: Figure 5]
FIGURE 5
 Cytotoxicity assay of NOS in the differentiated (A) and undifferentiated (B) THP-1 cell lines. DMSO group: the negative control; NSC 228155 group: the positive control (at a final concentration of 2.5 μM). All data are shown as the means ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




Intracellular killing and concentration-kill assay

The bacterial survival rate was quantitated as shown in Figure 6. Either at MOI = 1:1 or MOI = 10:1, obvious reductions in CFU number were observed when treated with NOS compared with the DMSO treatment. At MOI of 10:1, NOS at 4 μg/ml inhibited 66.52 ± 1.51% of intracellular bacterial growth, which was comparable with CLA at 2 μg/ml (i.e., 73.91 ± 1.31%). A similar outcome was acquired at MOI of 1:1, and the inhibitory rate of NOS at 4 μg/ml and CLA at 2 μg/ml was 71.19 ± 2.94% and 61.02 ± 2.93%, respectively. Furthermore, the NOS + CLA group (1 μg/ml NOS and 1 μg/ml CLA) inhibited 60.00 ± 2.00% bacterial growth at MOI of 10:1. Additionally, the inhibitory rates of NOS (2 μg/ml) and CLA (2 μg/ml) at MOI of 10:1 were 59.57 ± 1.31 and 73.91 ± 1.31%, respectively (Figure 7). Thus, no obvious synergistic effect was detected between NOS and CLA against M. abscessus.


[image: Figure 6]
FIGURE 6
 Intracellular bactericidal activities of different concentrations of nosiheptide (NOS) and CLA (the positive control) against M. abscessus ATCC 19977 in macrophages. (A) NOS at an MOI of 10:1. (B) clarithromycin at an MOI of 10:1. (C) NOS at an MOI of 1:1. (D) clarithromycin at an MOI of 1:1. DMSO group: the negative control. All data are shown as the means ± SD (n = 3). ****P < 0.0001.
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FIGURE 7
 The intracellular bacterial survival rate of M. abscessus ATCC 19977 with NOS exposure. (A) At an MOI of 1:1. (B) at an MOI of 10:1. NOS group: infected macrophage treated with NOS (2 μg/ml); CLA group: the positive control, infected macrophage treated with CLA (2 μg/ml); NOS + CLA group: infected macrophage treated with NOS (1 μg/ml) and CLA (1 μg/ml); DMSO group: the negative control. All data are shown as the means ± SD (n = 3). ****P < 0.0001.





Discussion

A previous study showed that NOS was effective against M. avium complex with MIC ranging from 0.012 to 0.024 μg/ml (Hosoda et al., 2019), which increases interest in its potential inhibitory activity against other Mycobacteria. Our study focused on the evaluation of the antimicrobial activity against M. abscessus, which is one of the most frequently isolated RGM species with extremely difficult treatment. In this study, NOS demonstrated antimicrobial activities against many of the recruited reference strains of RGM, and 12 out of 28 strains had MICs ≤ 0.5 g/ml. Strikingly, NOS manifested more potent activities against the clinical isolates of M. abscessus. The MIC50 and MIC90 of NOS against M. abscessus were 0.125 and 0.25 μg/ml, respectively. These low MICs make NOS very promising to be an antimicrobial candidate. Even though the MBC/MIC ratio of NOS for M. abscessus is suggestive of its bacteriostatic activity, a good prospect for it could still be expected, as CLA also presented to be a bacteriostatic reagent in this study.

Previous studies had demonstrated that linezolid and amikacin all lacked antimicrobial activity against M. abscessus by time-kill kinetics. None of the tested concentrations (up to 32 × the MIC) led to a significant reduction in CFU number during the first 24 h of exposure (Maurer et al., 2014; Ferro et al., 2015). Consistent with these results, poor treatment outcomes with regiments containing the above drugs for M. abscessus infection were obtained (van Ingen et al., 2013; Baker et al., 2021). Intriguingly, NOS showed a moderate killing effect against M. abscessus within the first 16 h at a concentration equal to or higher than 1 × MIC. However, except at the concentration of 20 × MIC, the tested concentrations could not inhibit the growth after 16 h. This was in accordance with the data of PAE, which showed that NOS has a short PAE of approximately 6 h, which hints that this antibiotic need to be administrated with short dosing intervals. Surprisingly, as a cornerstone of M. abscessus therapy, CLA did not show a high killing effect in our study either. Although the antibacterial activity of CLA was superior to NOS in the first 24 h, the bacterial load of 120 h in the CLA group was higher than that of NOS (i.e., a mean 0.45 log10 CFU ml−1 increase vs. 0.22 log10 CFU ml−1 decrease at 20 × MIC of antibiotics compared with the initial inoculum). Furthermore, NOS (4 μg/ml, 32 × MIC) inhibited 66.52 ± 1.51% of intracellular bacterial growth at MOI of 10:1 after 48 h incubation. Taken together, NOS demonstrated a moderate killing effect both in time-kill kinetic and intracellular bacterial growth tests, which may aid in designing a more active treatment regimen against M. abscessus infection.

Nosiheptide inhibits protein synthesis by binding to the L11-binding domain of 23S ribosomal RNA (Harms et al., 2008). A previous study showed that NOS was an inhibitor of protein translation, and notably, it had 100-fold greater efficacy on Escherichia coli (IC50 = 0.23 μM) than on eukaryotic cells of rabbit reticulocyte (IC50 > 200 μM) (Lentzen et al., 2003). This outcome suggested that this compound was less toxic to eukaryotic cells. In our study, cytotoxicity assays indicated that the differentiated/undifferentiated THP-1 cells had nearly 100% viability when exposed to NOS for 24 h below 20 μM (equal to 24.4 μg/ml), which was approximately 200-fold above the MIC of the reference strain of M. abscessus. Furthermore, it was reported that NOS was noncytotoxic when incubated for 72 h with the cervical carcinoma HeLa cell line at up to 128 μg/ml, which is approximately 1,000-fold above the MIC value of M. abscessus (Haste et al., 2012). These data obtained from our or other studies, plus the fact that NOS is used as an antimicrobial feed additive in animal husbandry, all favor the safety of using NOS as a medication.

Given the good inhibitory activity and the low cytotoxicity of NOS in vitro, the in vivo efficacy of this compound is worthy of investigation. Limited data exist on the therapeutic potential of this compound. A recent study demonstrated that the NOS exhibited therapeutic efficacy against M. abscessus in vivo-mimic silkworm infection assay with 50% effective dose (ED50)/MIC = 9.36 (Hosoda et al., 2020). The ED50/MIC ratio of a compound is an index of drug potential, and the ratio below 10 is typically indicative of clinical usefulness (Hamamoto et al., 2004). In addition, Haste et al. showed that NOS treatment (20 mg kg−1, i.p. at 1 and 8 h postinfection) demonstrated in vivo activity in a murine model of methicillin-resistant Staphylococcus aureus infection, i.e., provided significant protection against mortality, and only one out of ten mice in the NOS group died (Haste et al., 2012). All these data strongly supported that NOS was efficacious in vivo as well. A further study focusing on the pharmacokinetic/pharmacodynamic (PK/PD) profile of NOS is needed to gain more insights into its potential as a new antibiotic.

There are some limitations in our study. First, all the tested clinical isolates were collected from a single institution. It may not represent all the characteristics of the M. abscessus isolates. Second, the bactericidal activity of NOS against M. abscessus was only investigated in vitro and in macrophages, and these might not fully reflect the real reaction in vivo. Further studies are required to investigate its efficacy in an animal model as well as its PK/PD profile. Third, the clinical application of NOS is largely hindered due to its poor water solubility and low bioavailability (Fan et al., 2021). Thus, the development of novel applications, appropriate administration, or improved analogs for NOS would be necessary and effective to overcome the obstacles faced in clinical application.

In conclusion, both in vitro and intracellular bacterial growth testing demonstrated that NOS has a strong antimicrobial activity against M. abscessus with low cytotoxicity and, therefore, could be considered as a promising drug candidate for M. abscessus treatment.
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The increased prevalence of Salmonella spp. resistance in swine spurs the search for alternatives to antibiotics. Microcin J25 (MccJ25), a bacteriocin produced by Escherichia coli, is a potent inhibitor of several pathogenic bacteria including Salmonella enterica. In this study, we aimed to evaluate in vitro the impact of MccJ25 on the composition and the metabolic activity of the swine colonic microbiota. The PolyFermS in vitro continuous fermentation model was used here with modified Macfarlane medium to simulate the porcine proximal colon. During 35 days of fermentation, a first-stage reactor containing immobilized swine fecal microbiota fed two second-stage control and test reactors operated in parallel and used to test the effects of MccJ25 on the composition and the metabolic activity of the microbiota. Reuterin, a broad-spectrum antimicrobial compound produced by Limosilactobacillus reuteri, a lactic acid bacterium naturally present in the gastro-intestinal tract of human and animals, and the antibiotic rifampicin were tested for comparison. Sequencing of 16S rRNA was performed using the Illumina MiSeq technology to evaluate microbial diversity, and liquid chromatography coupled to mass spectrometry (LC-MS) followed by multivariate analysis was used to assess the bacteriocin/antibiotic degradation products and to monitor changes in the swine colonic microbiota metabolome. The results show that MccJ25 or reuterin treatments only induce subtle changes of both the microbial diversity and the metabolome of the swine colon microbiota, while rifampicin induces significant modification in amino acid levels. Although these findings need being validated in vivo, this study affords a first proof of concept for considering MccJ25 as a possible alternative to antibiotics for veterinary and farming applications, taking into account its pathogen-selective and potent inhibitory activity.
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Introduction

Due to continued expansion of international markets, swine production has become one of the fastest growing economic sectors (Kanis et al., 2003; Steinfeld et al., 2006; Lassaletta et al., 2019). In 2019, pork was the second dominant meat produced worldwide, with 110 million tons or 32.6% of total meat production. In spite of this, the swine industry has suffered major losses in recent years, largely due to the increasing incidence of bacterial infections (Abubakar et al., 2017; VanderWaal and Deen, 2018; Foster et al., 2021). Salmonellosis is particularly prevalent in swine, in which it causes acute disease resulting in increased mortality and reduced productivity (Bonardi, 2017; Yuan et al., 2018; Bearson, 2021). Indeed, swine is a major reservoir for Salmonella enterica which has been associated to diarrhea in pig farming. Although swine diarrhea, especially in young pigs, originates from dysfunction of the small intestine, the other major cause is inflammation of the colon, often referred to as colitis (Panah et al., 2021). Moreover, many Salmonella serovars have been shown to be associated with chronic ulcerative colitis or necrotizing enterocolitis in pigs. Thus, controlling Salmonella infections in pig farming, especially in industrialized countries, has been achieved in large part through the use of antibiotics (Cromwell, 2002).

Ever since their commercialization began in the 1950’s, antibiotics have been used widely in human and veterinary medicine as well as in livestock production in order to treat bacterial diseases and promote animal growth (Oliveira et al., 2020; Hosain et al., 2021). Their use as growth promoters in swine production is commonplace and has contributed substantially to improved livestock productivity and reduced production costs (Lekagul et al., 2019). However, their overuse has led to the emergence of multi-drug resistant bacteria, both commensal and pathogenic, which can be transmitted to humans through food consumption, contact with animals, or the release of excreta into the environment (Barton, 2014). This has raised public concern and has led several countries to ban the use of antibiotics as growth promoters in animal feeds, as the European Union did in 2006 (Mathew et al., 2007). Some other countries, including the United States, Canada, Mexico, Japan, Hong Kong, China and India have limited the use of antimicrobials in feed and tried to reduce antibiotics in food animal production (Salim et al., 2018). Effective replacements for conventional antibiotics are now urgently needed in order to maintain swineherd health and productivity. Among the most promising alternatives proposed so far are natural antimicrobial peptides (AMPs) produced by bacteria, called bacteriocins (Sang and Blecha, 2008; Cotter et al., 2013; Cavera et al., 2015; Vieco-Saiz et al., 2019; Telhig et al., 2020).

Bacteriocins are defined as bacterially produced antimicrobial peptides of molecular mass usually less than 10 kDa (Riley and Wertz, 2002; Cotter, 2005). Unlike commonly used broad spectrum antibiotics, bacteriocins are translated from mRNA and have a narrow spectrum of activity, inhibiting strains of the same or closely related species at nanomolar concentrations (Cleveland et al., 2001; Chikindas et al., 2018; Soltani et al., 2021). They have been categorized in different classes based on their structural characteristics, and are listed in an open-access database called BACTIBASE (Hammami et al., 2010). The majority of bacteriocins studied so far are produced by Gram-positive bacteria and most often lactic acid bacteria, which are widely used in the food industry (Arthur et al., 2014). However, numerous structurally diverse Gram-negative bacteriocins are also described (Telhig et al., 2020; Calcuttawala et al., 2021). Bacteriocins find applications in a wide range of sectors including agri-food, and the human and veterinary medicine fields (Stahl et al., 2004; Cutler et al., 2007; Soltani et al., 2021). Among Gram-negative bacteriocins, some colicins that are proteinaceous bacteriocins produced by Escherichia coli, have been studied for potential applications in the treatment of various human and animal infectious diseases (van Winsen et al., 2001; Stahl et al., 2004; Cutler et al., 2007) and as inhibitors of enteric pathogens in animals, including swine. However, despite such studies showing that the inhibitory activity of bacteriocins and their impact on the colon microbiota are real albeit not yet well understood, there are currently very few data on the impact of bacteriocins on the overall metabolic profile of the colon microbiota (Benítez-Chao et al., 2021).

Microcin J25 (MccJ25) is one of the most studied Gram-negative bacteriocins. This 21-amino-acid posttranslationally modified peptide produced by E. coli is a potent inhibitor of Enterobacteriaceae including Salmonella (Rintoul et al., 2001). It is a typical lasso peptide (Arnison et al., 2013; Wang and Zhang, 2018) which is characterized by an 8-residue macrolactam ring that is closed by an isopeptide bond between the N-terminus and the side chain carboxylate of a glutamate at position 8. The ring is threaded by the resulting tail that is locked inside by two bulky amino acid side chains located above and below the ring, thus forming a loop. This highly compact structure confers MccJ25 remarkable stability to denaturing conditions, high temperatures, extreme pHs and certain proteases (Rebuffat et al., 2004; Vincent and Morero, 2009; Telhig et al., 2020). Our group has previously demonstrated the inhibitory activity of MccJ25 against Salmonella Newport under conditions simulating those of the swine proximal colon using the Polyfermentor intestinal model (PolyFermS) (Naimi et al., 2020). Indeed, this inhibitory activity remained potent over 24 h of continuous culture and was superior to those of two other well-known antimicrobial compounds, a broad-spectrum antibiotic rifampicin and reuterin, a biocide produced by a lactic acid bacterium (Naimi et al., 2020). Moreover, the inhibitory activity of MccJ25 was shown to be correlated with its high stability that has been attributed to its unique lasso structure (Salomon and Farías, 1992; Rosengren et al., 2003) and its bioavailability. Such characteristics tightly fit with the present requirement of antibiotics having high efficiency, but devoid of collateral damages on the commensal bacteria in the gut microbiota, which result in dysbiosis and related diseases (Melander et al., 2018). Such interesting features of MccJ25 make it appealing for a possible use as a natural alternative to antibiotics in pig feed. Indeed, a diet supplemented with MccJ25 (purity above 99%) has been shown to improve growth performance, and attenuate diarrhea and systematic inflammation of weaned pigs (Yu et al., 2017). These properties were accompanied with a decrease in E. coli and an increase in Lactobacillus and Bifidobacterium species, which improve short-chain fatty acid (SCFA) content. However, the other bacterial families and genera were not examined.

In the present study, we evaluated the impact of MccJ25 on the composition and the metabolic activity of the swine colonic microbiota in vitro, using the PolyFermS continuous fermentation model to simulate the swine proximal colon (Tanner et al., 2014; Naimi et al., 2020). The results obtained with MccJ25 were compared to those of rifampicin, a broad-spectrum conventional antibiotic, and reuterin, an antimicrobial compound produced by Limosilactobacillus reuteri, which is a lactic acid bacterium naturally present in the gastro-intestinal tract of human and animals and is used as a probiotic (Cleusix et al., 2007, 2008; Asare et al., 2020; Liang et al., 2021). Furthermore, we examined the behavior of the three antibacterial compounds in the swine colonic conditions by studying and identifying their degradation products.



Materials and methods


Bacterial strains

Escherichia coli MC4100 carrying the plasmid pTUC202 was obtained from the MCAM laboratory collection (Muséum national d’Histoire naturelle, Paris, France) and used for MccJ25 production (Solbiati et al., 1999). L. reuteri ATCC 53608 purchased from American Type Culture Collection (ATCC, Manassas, VA, United States) was used for the production of reuterin. Salmonella enterica subsp. enterica serovar Newport ATCC 6962 (hereinafter called Salmonella Newport) was purchased from Microbiologics Inc. (St. Cloud, Minnesota, United States). Both E. coli MC4100 and Salmonella Newport were cultured overnight at 37°C in Luria-Bertani medium, LB (tryptone 10 g/L, yeast extract 5 g/L, sodium chloride 10 g/L; Difco, Sparks, MD, United States; batch 244620), under aerobic condition (Solbiati et al., 1999; Naimi et al., 2020). L. reuteri ATCC 53608 was inoculated (1% v/v) and cultured anaerobically at 37°C for 16 h in MRS broth medium (Nutri-Bact; catalog number QB-39-2285) supplemented with 20 mM glycerol (Doleyres et al., 2005).



Antimicrobial compounds

MccJ25 was produced from a culture supernatant of E. coli MC4100 that harbors the plasmid pTUC202 following the protocol previously described by Ducasse et al. (2012). In this study, 40 liters of broth culture of MccJ25-producing strain were used as detailed previously (Naimi et al., 2020). Briefly, minimal medium (M63) inoculated with a preculture of strain MC4100 in LB broth was incubated overnight at 37°C in a pilot fermenter (BIOSTAT® C plus, Göttingen, Germany). The culture was centrifuged as described previously and the supernatant was run through a Sep-Pak C18 35 cc cartridge (Waters, Milford, United States). MccJ25 was eluted with acetonitrile/water (30% v/v) containing 0.1% HCl then further purified by reverse-phase HPLC on a preparative C18 column at a flow rate of 10 mL/min using a 25–100% linear gradient of filtered acetonitrile/5 mM HCl in ultra-pure water with absorbance measurement at 214 nm for peptide detection. The purified MccJ25 (purity = 98−99%, HPLC) was quantified by RP-HPLC using an analytical C18 column. The purified MccJ25 was then stored at 4°C until use.

Reuterin (3-hydroxypropanal) was produced using a culture of L. reuteri ATCC 53608 in MRS medium containing 20 mM glycerol according to a method described previously (Vimont et al., 2019). The used protocol was detailed in our previous work (Naimi et al., 2020). Briefly, the bacterial culture was first centrifuged, and the cells were washed with 0.1 M potassium phosphate buffer (pH 7.0), centrifuged again, re-suspended in glycerol solution, held at room temperature for 45 min under anaerobic conditions and centrifuged. The filtrate was lyophilized and reuterin was purified on a silica gel 60 preparative chromatography column (2.8 × 35 cm, Bio-Rad Econo-Column) with acetone:ethyl acetate (2:1) as eluent at a flow rate of 5 mL/min. Reuterin was quantified using a colorimetric method described previously by Lüthi-Peng et al. (2002). The obtained solution containing purified reuterin (purity = 95%, HPLC) was stored at −20°C until use.

Rifampicin (purity ≥ 97%, HPLC) was purchased from Sigma-Aldrich (St. Louis, MO, United States) and stored at −20°C until use.



PolyFermS fermentation model of the swine colon


Immobilization of fecal microbiota and fermentation medium

A fecal sample from a healthy adult swine raised under farm conditions and not given any antibiotic during the previous three months was collected in a sterile 50 mL Falcon tube. Anaerobiosis was maintained in a Gas-Pak anaerobic jar (Oxoid, Thermo Fisher Scientific) during transport to the laboratory and until the immobilization procedure (Cinquin et al., 2004). As described previously, about 20 g were suspended in 80 mL of 0.1% peptone water (Difco Laboratories) containing 0.05% L-cysteine-HCl (Sigma-Aldrich, St. Louis, MO, United States) at 37°C and homogenized for 5 min at 200 rpm using a Stomacher (Seward model 400, Norfolk, United Kingdom) (Naimi et al., 2020). The liquid portion was recovered using a serological pipette and centrifuged for 1 min at 700 x g to remove large particles. The immobilization procedure was begun in an anaerobic chamber (model 1025, Forma Scientific, Marietta, OH, United States) by mixing 20 mL of supernatant into 1 L of a solution of 2.5% w/v gellan, 0.25% w/v xanthan and 0.2% w/v sodium citrate (Cinquin et al., 2004). After inoculation, the polymer solution was stirred into freshly autoclaved (15 min at 121°C) hydrophobic phase (commercial canola oil) at 43°C to obtain a suspension of aqueous droplets in oil. Gel beads were formed by cooling the suspension. After separation and washing, beads were hardened by soaking for 30 min in a 0.1 M CaCl2 solution. Gel beads with diameters in the 1-2 mm range were selected by wet sieving and about 75 g were transferred to the inoculum reactor (BIOSTAT® Q plus, Sartorius AG, 79 Göttingen, Germany) containing 250 mL of fresh fermentation medium.

The modified Macfarlane medium used in this study simulates the conditions in the swine proximal colon as described previously (Naimi et al., 2020). The medium was autoclaved at 121°C for 20 min and then stored at 4°C until use. Solutions of L-cysteine-HCl monohydrate (5%) and vitamins as described previously by Michel et al. (1998) were filter-sterilized (0.22 μm, Millipore) and added separately to the sterilized medium (16 mL/L and 0.5 mL/L, respectively). All components of the nutrient medium were purchased from Sigma-Aldrich (St. Louis, MO, United States).



Fermentation procedure and treatments

The in vitro fermentation model of the swine colon has been described elsewhere in detail (Tanner et al., 2014) and in our previous study (Naimi et al., 2020). Briefly, the PolyFermS model used for this study consisted of a two-stage system comprising a total of three glass reactors (BIOSTAT® Qplus, Sartorius AG, Göttingen, Germany) as shown in Figure 1, which were controlled at 38°C and pH 6.0 with anaerobic conditions maintained by continuous flow of pure CO2 through the medium as described by Fernandez et al. (2016). Seeded with 30% (v/v) swine fecal beads, the inoculum reactor IR (useful volume of 250 mL) was fed fresh nutrient medium continuously (Figure 1A). Effluent from IR was used to continuously inoculate at 10% (v/v) the test reactors TR1 and TR2, which also received 90% (v/v) fresh medium (Figure 1B). The feed rate of the three reactors controlled using peristaltic pumps (model 120U, Watson-Marlow, Falmouth, Cornwall, United Kingdom) was set at 27 mL/h for a mean retention time in IR and TRs of 9 h. For the first 3 days, the IR was run in repeated-batch mode, the medium replaced every 12 h with fresh medium, in order to colonize fecal bead. Continuous feeding was then started, followed by 12 days of stabilization before connection to TR1 and TR2. Continuous culture was split into three periods: stabilization, treatment and wash. Conditions were kept constant in IR to assess the temporal stability of the system without any manipulation during the entire fermentation, while TR1 and TR2 were subjected to treatments for various periods. Between each period, culture was flushed from TR1 and TR2 as described previously (Tanner et al., 2014). TR1 and TR2 were subjected to a washing procedure with 10% chlorine solution to decontaminate and remove any historical effect of the previous periods. Briefly, TR1 and TR2 were disconnected from the IR, the entire medium was removed and reactors were filled with 10% freshly prepared chlorine solution. After stirring for 1 h, the reactors were rinsed twice by adding sterile distilled water and stirring for another hour. After complete removal of water and chlorine residues, reactors were filled with sterile fresh nutritive medium and reconnected to the IR. After each flush, they were stabilized for 3 days until a steady state was reached before starting the next treatment period.
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FIGURE 1
Experimental set-up of the continuous fermentation experiment. (A) Overview of the PolyFermS model composed of one inoculum reactor and two test reactors and experimental plan used: relative flow rates are indicated in%. IR: inoculum reactor containing pig fecal bacteria immobilized in gel beads (30% v/v); TR1, TR2: test bioreactors; S: stabilization period; T: treatment period; W: wash period. (B) Experimental treatment and samples collection schedule.


Performed simultaneously in TR1 and TR2, the four treatments consisted of adding Salmonella Newport alone (Salmo) at an initial concentration of 107 cfu/mL to each reactor (Figure 1C), followed by adding Salmonella Newport at this concentration along with each tested antimicrobial: 0.4 mM MccJ25 (J25), 4 mM reuterin (Reut) or 0.6 mM rifampicin (Rifa). These concentrations are based on preliminary assays performed in our previous study (Naimi et al., 2020). For each treatment, samples of test reactor effluent were collected at 0, 2, 4, 6, 8, 10, 12, 24, 48, and 72 h for analysis and stored at −80°C.




Propidium-monoazide-coupled quantitative polymerase chain reaction


Treatment with propidium monoazide

The inhibitory activity of MccJ25, reuterin and rifampicin against Salmonella Newport and the major bacterial species constituting the swine colonic microbiota were quantified using propidium-monoazide-coupled quantitative polymerase chain reaction (PMA-qPCR). Samples collected from the reactors were treated with propidium monoazide (PMA dye, Biotium, Inc., Hayward, CA, United States) for viable bacteria counts as described previously (Fernandez et al., 2016). Briefly, 2.5 μL of 20 mM PMA solution (1 mg of PMA dissolved in 91 μL of 20% dimethylsulfoxide, stored at −20°C) were added to each 1 mL sample collected from the reactors to obtain a final concentration of 50 μM. Samples were kept for 5 min at room temperature in the dark with occasional vortex mixing, then placed for 5 min on ice 20 cm below a 500 W halogen lamp. Samples were then frozen and stored at −80°C until DNA extraction.



DNA extraction

DNA was extracted from samples of fermentation broth using the PowerSoil™ DNA Isolation Kit (MO BIO Laboratories, CA, United States). Samples were thawed and centrifuged for 10 min at 12,000 × g and the pellets were washed twice in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA). Subsequent steps were performed following the PowerSoil kit instructions.



Quantitative polymerase chain reaction analysis

The quantitative PCR (qPCR) was performed in MicroAmp® Fast Optical 96-Well Reaction Plates with Barcode (Life Technologies Inc., Burlington, ON, Canada) on an ABI 7500 Real-Time PCR System (Applied Biosystems, Streetsville, ON, Canada). Each sample was analyzed in duplicate. Extracted DNA was diluted 1/10 (v/v) in DNase-free water (Invitrogen) and placed in the microplate wells (5 μL of diluted extract per well). Each well also contained 12.5 μL of Fast SYBR® Green Master Mix (Applied Biosystems, Burlington, ON, Canada), 1 μL of each primer, forward and reverse, at a final concentration of 5 μM (Sigma-Aldrich, St. Louis, MO, United States) and 5.5 μL of DNase-free water. The primers used in this study are given in Supporting information (Supplementary Table 1). The amplification program consisted of an initial denaturation at 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 15 s and 60°C for 1 min (Fernandez et al., 2016). Standard curves were obtained for the quantified bacterial species by extracting DNA from reference strain pure culture re-suspended in 1/10 diluted Macfarlane broth and treated with PMA. The cultures were also enumerated as colonies forming units (cfu) on agar medium. DNA extracted from each strain was then serially diluted 10-fold to obtain equivalent from 109 to 102 cfu mL–1. Standard curves were generated from plots of threshold cycle (Ct) versus bacterial count (cfu mL–1). The bacterial counts (cfu mL–1) were interpolated from the averaged standard curves.




Microbial community analysis


16S rRNA amplicon sequencing

The microbial community at different time points along the fermentation was analyzed by Illumina next-generation 16S rRNA gene amplicon sequencing. Taxonomic analysis were assessed by sequencing the bacterial 16S rRNA gene in the V3-V4 region using the amplification primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) adapted to incorporate the transposon-based Illumina Nextera adapters (Illumina, United States) and a sample barcode sequence allowing multiplexed sequencing (García-López et al., 2020). High-throughput sequencing was performed at the Institute for Integrative Systems Biology (Université Laval, Québec, Canada) on a MiSeq platform using 2 × 300 bp paired-end sequencing (Illumina, United States). The raw sequence data have been submitted to European Nucleotide Archive (ENA) database with accession number PRJEB52762.



Sequence analysis

Raw data were processed using the DADA2 R package (version 1.14.1) (Callahan et al., 2016) to obtain exact amplicon sequence variants (ASVs) using the metabaRpipe R package1. Briefly, forward and reverse reads were truncated after 260 and 250 nucleotides, respectively. After truncation, reads with expected error rates higher than three and four for forward and reverse reads, respectively, were removed. After filtering, error rate learning, ASV inference and denoising, reads were merged with a minimum overlap of 15 nucleotides. Chimeric sequences were identified and removed. Taxonomy was assigned to ASVs using DADA2 against SILVA database (v138.1) (Glöckner et al., 2017). Phylogenetic relatedness of ASVs, alpha diversity (Observed and Shannon indexes) and beta diversity analyses (Bray Curtis similarity matrix) were performed using the phyloseq R package (McMurdie and Holmes, 2013) and the DivComAnalyses packages2.




Metabolomic analysis


Samples preparation

Samples were prepared using the quenching method described previously (Wellerdiek et al., 2009). Briefly, 1 mL of fermentation broth was drawn into a syringe containing 4 mL of aqueous methanol (60%, v/v) at −40°C and then centrifuged at 4,000 × g for 5 min at 4°C. The supernatant was discarded and only cell pellet was kept for the analysis of intracellular metabolites. Collected cell pellet was kept in a tube on ice and then re-suspended in methanol, chloroform and water (1:1:0.9 v/v/v) with vortex mixing after adding each solvent and then centrifuged at 8,000 × g for 10 min at 4°C. A 70 μL aliquot of the upper water layer was collected in an Eppendorf tube and stored at −80°C until LC/MS analysis (50 μL of thawed sample in the glass vial).



Liquid chromatography coupled to mass spectrometry analysis

Five micro liters of each resuspended sample were analyzed by ultra-high-performance liquid chromatography system (Ultimate 3000 RSLC, Thermo Scientific) connected to a high-resolution electrospray ionization – quadrupole – time of flight (ESI-Q-TOF) mass spectrometer (Maxis II ETD, Bruker Daltonics). Separation was achieved on an Acclaim RSLC Polar Advantage II column (2.2 μm, 2.1 × 100 mm, Thermo Scientific) at a flow rate of 300 μL/min, using the following gradient of solvent A (ultra-pure water/0.1% formic acid) and solvent B (HPLC-MS grade acetonitrile/0.08% formic acid) over a total run time of 17.5 min: 5 min at 0% B followed by a linear increase from 0 to 60% B for 12 min, linear increase to 100% B for 0.2 min, decrease to 0% B for 0.5 min. The MS spectra were acquired in positive ion mode in the mass range m/z 60 – 1300. The source parameters were as follows: nebulizer gas 35 psi, dry gas 8 L/min, capillary voltage 3500 V, end plate offset 500 V, temperature 200°C. The ESI-Q-TOF instrument was externally calibrated before each run using a sodium formate solution consisting of 10 mM sodium hydroxide in isopropanol/0.2% formic acid (1:1, v/v). A quality control (QC) consisting of a mix of all samples and a blank (injection of water) were recorded every 10 samples to monitor separation quality and absence of cross-contaminations. Data-dependent LC-MS/MS experiments were also conducted, using collision dissociation of 1 +, 2 +, and 3 + ions preferentially, using a 3 s cycle time for MS scans at 2 Hz, and 1 Hz to 3 Hz MS/MS scans depending on intensity.

The high-resolution LC-MS data were converted to netCDF format, while the LC-MS/MS data were converted to mgf format, using Data Analysis 4.4 software (Bruker Daltonics). The netCDF converted LC-MS data were analyzed using the freely available R environment version R-4.0.4.3 Xcms package was used for peak detection and peak matching, on the 0.5 – 13.4 min range. The parameters were as follows: centwave peak detection method, maximal tolerated m/z deviation in consecutive scans: 10 ppm, prefilter: 5 peaks with intensity ≥ 5000, chromatographic peakwidth: between 5 and 30 s, signal to noise ratio cutoff 0, minimum difference in m/z for peaks with overlapping retention time -0.005. The multivariate matrix generated (197 samples × 5095 peaks) was submitted to principal component analysis (PCA) using mixOmics package (Lê Cao et al., 2009). The mgf converted LC-MS/MS data were used to generate a molecular network using the online GNPS workflow (Yang et al., 2013; Wang et al., 2016), using the following set-up: parent ion mass tolerance of 0.05 Da, fragment ion mass tolerance 0.05 Da, cluster minimal size 5, minimum matched peaks 4, and minimum cosine similarity score 0.5. Resulting networks were visualized using Cytoscape 3.7.1.




Statistical analysis

The rarefied ASV table was used to calculate richness and diversity indices. Significant differences in alpha diversity of each treatment group at each time point were assessed by Wilcox test, while differences in beta diversity were checked by PERMANOVA (p-value 0.05) using R.




Results


Impact of MccJ25, reuterin and rifampicin on bacterial groups representing the colonic microbiota

Based on analysis by PMA-qPCR, counts of specific bacterial groups in both test reactors TR1 and TR2 remained relatively stable in overall composition for the first 12 h following the addition of Salmonella Newport plus antimicrobial agents as shown in Supplementary Figure 1. However, rifampicin was shown to induce an effect on total cell and Bacteroides counts resulting in a reduction of approximately 1 log after 12 h, followed by regrowth of these bacterial groups in addition to Lactobacillaceae until the end of the fermentation (Supplementary Figure 1C). A similar effect, especially on Lactobacillaceae counts, was observed following the treatment with Salmonella Newport alone after 12 h of fermentation as shown in Supplementary Figure 1A. In contrast, both reuterin (Supplementary Figure 1B) and MccJ25 (Supplementary Figure 1D) did not induce significant impact on total bacterial counts.



Impact of MccJ25, reuterin and rifampicin on the porcine intestinal microbiota diversity

The impact of tested antimicrobials on microbiota composition were evaluated by sequencing the 16S rRNA gene along time. Data were first assessed via the use of principal coordinate analysis (PCoA) of the Bray Curtis similarity matrix from all samples in the two replicates F1 and F2 along time (Figure 2) and also in samples separated by each time point (Supplementary Figure 3). No significant changes in microbial composition were detected by Salmonella alone or reuterin treatment groups, suggesting no effect of those treatments on the overall microbiota composition profile measured over 24 h fermentation. On the other hand, significant differences (p value 0.001) were detected upon MccJ25 and rifampicin, as compared to Salmonella alone and also in rifampicin and reuterin, as compared to MccJ25.
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FIGURE 2
Principal coordinate analysis (PCoA) of porcine microbiota after inoculation of Salmonella Newport alone (Salmo) and in combination with MccJ25 (J25), reuterin (Reut) or rifampicin (Rifa) in vitro, based on Bray-Curtis similarity matrix from all time points from the two independent experiments. Dots are colored by treatment.


The impact of the treatments on the porcine intestinal microbiota was also investigated by alpha diversity, using Shannon index and the number of observed ASVs (Figure 3). The results demonstrated a significant decrease in alpha diversity following rifampicin treatment at the 8-h time point until the end of the fermentation which confirm the impact of rifampicin on microbiota composition. An drop in alpha diversity was also observed in Salmonella alone treatment group only at the end of the colonic fermentation, however, it did not appear to be significant. In contrast, MccJ25 and reuterin treatment groups did not induce a remarkable changes in alpha diversity during the fermentation comparing to rifamicin and Salmonella treatments.
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FIGURE 3
Impact of Salmonella Newport alone (Salmo) and in combination with MccJ25 (J25), reuterin (Reut) or rifampicin (Rifa) on the porcine intestinal microbiota in vitro as measured by 16S rRNA gene amplicon sequencing. Alpha diversity measured by Shannon index (Shannon) and number of Observed ASVs (Observed) at each fermentation day: Av (before treatment), 0, 2, 4, 6, 8, 10, 12, and 24. Per each treatment and time point, two independent replicates are shown.


The impact of tested antimicrobials on the porcine intestinal microbiota composition was further evaluated by taxonomic analysis at the phylum level, which revealed that rifampicin treatment induced an increase of the relative abundance of Proteobacteria and Firmicutes phyla specially from the 6-h time point in both test reactors F1 and F2 (Figure 4). In addition, Escherichia-Shigella (ASV002) were significantly enriched by rifampicin from the 8-h time point (exceeding more than 44% in relative abundance at 12 h) (Figure 5). Overall, these data indicate that rifampicin significantly impacted microbiota composition as compared to the other tested antimicrobials in the PolyFermS model and this can be envisioned to impact the metabolic activity of the intestinal microbiota as well.
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FIGURE 4
16S rRNA gene-based microbial community structure of porcine microbiota after inoculation of Salmonella Newport alone (Salmo) and in combination with MccJ25 (J25), reuterin (Reut) or rifampicin (Rifa). The relative abundance of amplicon sequence variants ASV (%) are represented at the phylum level and samples are grouped at each time point for two independent fermentations (F1 and F2).
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FIGURE 5
Microbial community structure of porcine intestinal microbiota after inoculation of Salmonella Newport alone (Salmo) and in combination with MccJ25 (J25), reuterin (Reut) or rifampicin (Rifa) on the porcine intestinal microbiota in vitro. Microbial composition measured by 16S rRNA gene amplicon sequencing at different days: Av (before treatment), 0, 2, 4, 6, 8, 10, 12, 24) represented by relative abundance (%) at the highest-level taxonomy. Values are the average of two biological replicates from two independent fermentations. The most abundant 80 ASVs shared in all treatments are represented.




Liquid chromatography coupled to mass spectrometry data analysis and metabolomic profiling

The fermentation broth pellet extracts were analyzed by LC-MS in order to evaluate the impact of MccJ25, reuterin and rifampicin on the metabolome of the swine colonic microbiota. The LC-MS profiles and corresponding PCA scores are shown in Figure 6. MccJ25 and rifampicin treatments showed the most important effect on the metabolomics profiles, but the effect of MccJ25 decreased with time while that of rifampicin increased (Figure 6B). The particular profiles obtained for both treatments are related in part to the contribution of MS signals associated to the exogenous compounds added (MccJ25 or rifampicin) and their degradation products. The degradation products could be revealed by molecular networking (Supplementary Figure 3), as already reported for MccJ25 in an in vitro digestion model (Naimi et al., 2018). The singly hydrolyzed MccJ25 peptides could be identified unambiguously from MS/MS data (Supplementary Figures 4, 5). The main degradation products of MccJ25 and rifampicin in swine colonic conditions could thus be characterized (Supplementary Tables 2, 3). After 24 h treatment, the metabolomics profiles for MccJ25-treated microbiota were close to that before treatment. By contrast, for rifampicin, significant effects on the swine colonic microbiota metabolome were observed, which increased with time. A major trend observed was an increase in the levels of Leu/Ile, Phe, Tyr and Trp amino acids (Figure 7).
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FIGURE 6
Metabolomic profiling of swine colonic microbiota in the PolyFermS model. (A) Base peak chromatograms obtained by LC-MS for each treatment. Stab: stabilization, Salmo: Salmonella Newport treatment, J25: Salmonella Newport + 0.4 mM MccJ25 treatment, Reut: Salmonella Newport + 4 mM reuterin treatment, Rifa: Salmonella Newport + 0.6 mM rifampicin treatment; (B) Score plot of the PCA obtained from LC-MS data (left: PC1 versus PC2, right: PC1 versus PC3). The reactors sampled (test reactors TR1 and TR2 and inoculum reactor IR) are shown with symbols. The collection times after Rifa and J25 treatments are written below the symbols. QC: control quality.
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FIGURE 7
Extracted ion chromatograms representing the relative intensity of Leu/Ile, Tyr, Phe and Trp amino acids in swine microbiota metabolome extracts, for each treatment. Stab: stabilization, Salmo: Salmonella Newport treatment, J25: Salmonella Newport + 0.4 mM MccJ25 treatment, Reut: Salmonella Newport + 4 mM reuterin treatment, Rifa: Salmonella Newport + 0.6 mM rifampicin treatment.





Discussion

The widespread use of antibiotics in livestock production has led to the emergence of antibiotic-multiresistant bacteria, which can infect humans via the food chain. The use of antibiotics as growth promoters has been banned outright in several industrialized countries, which has increased the urgency of the search for alternatives. Researchers began decades ago to propose bacteriocins as substitutes. In addition to their natural origin, being mostly indigenous to the gut microbiota, and their potent inhibitory activity, bacteriocins are most often endowed with a narrow spectrum of antibacterial activity. This prevents causing a disequilibrium of the colonic microbiota and prevent dysbiosis-related diseases. Thus, this is a characteristic that makes narrow-spectrum pathogen-specific antimicrobial agents particularly sought nowadays (Melander et al., 2018). However, few studies have brought clear evidence that bacteriocins inhibit bacterial pathogens under the conditions encountered in the intestines of farm animals. Indeed, MccJ25, which is produced by bacteria of the family Enterobacteriaceae and contributes to competition in the gut has a narrow spectrum of antibacterial activity. It is reportedly bactericidal to Gram-negative species including E. coli, Salmonella and Shigella (Rintoul et al., 2001; Yu et al., 2022). Highly purified MccJ25 was recently shown to exert efficient bactericidal activity in vitro against clinically relevant veterinary multidrug-resistant strains and to decrease inflammation in a mouse E. coli infection model (Yu et al., 2022).

In a previous study using a medium mimicking conditions of the swine colon, we demonstrated that MccJ25 induced a significantly stronger inhibition of the growth of Salmonella Newport, selected as an infection model, than two other antimicrobial agents reuterin and rifampicin, used for comparison (Naimi et al., 2020). Rifampicin was selected as a broad-spectrum conventional antibiotic, and reuterin as an antimicrobial compound produced by a lactic acid bacterial strain naturally present in mammalian gut. Here, we used the PolyfermS in vitro model, a dynamic in vitro model reproducing conditions of the swine colon, to study the impact of MccJ25 on the composition, diversity, stability and metabolic activity of the porcine colonic microbiota and to compare this activity to those of reuterin and rifampicin. Furthermore, a state-of-the-art chromatographic method was optimized for evaluating their impact on the microbiota metabolic activity.

In the lead-up to this study, a stable bacterial population representative of the porcine colonic microbiota was reproduced in vitro using the PolyFermS model developed previously by Tanner et al. (2014). This model allows reproducible testing of different treatments in parallel reactors, thus providing a built-in control inoculated with the same microbiota (Naimi et al., 2020). Our results showed first that the bacterial community remained relatively stable following the addition of Salmonella in the PolyFermS model. Indeed, introduction of a pathogen in a stabilized microbiota does not always result systematically in a strong modification of the global microbiota composition, as previously observed with Salmonella enterica subsp. enterica serovar Typhimurium N-15 using the PolyFermS in vitro continuous fermentation model simulating the swine proximal colon. This may be different in vivo. Indeed, the presence of pathogen may induce translocation an inflammation leading to changes in the environmental conditions composition and activity of microbiota and dysbiosis. Obviously, this did not happen in our in vitro fermentation model because host factors are not involved.

Enumerating specific bacterial groups by PMA-qPCR provided first a global information on the composition of the swine gut microbial community. Rifampicin induced important changes in Bacteroides, Lactobacillaceae and total 16S rRNA gene contents at the end of the colonic fermentation while no major effects were observed when MccJ25 and reuterin were added separately. Furthermore, 16S rRNA gene sequencing using the Illumina MiSeq approach revealed that rifampicin significantly impacted microbiota diversity as compared to the tested antimicrobials in the PolyFermS model. Taxonomically, rifampicin was shown to induce significant changes in bacterial abundances when compared to the other treatment groups, which results in a significant increase of the relative abundance of Proteobacteria and Firmicutes phyla. In published studies on swine fecal and colonic microbiomes Firmicutes, Bacteroidetes and Proteobacteria have been reported as the most abundant phyla (Poroyko et al., 2010; Holman et al., 2017). These prevalences are in accordance with our findings shown in Figure 4. Moreover, the present meta-analysis of a porcine intestinal bacterial community has revealed the predominance of some bacterial families in both test reactors, such as Ruminococcaceae, Prevotellaceae and Muribaculaceae, and some unidentified members of the genus Prevotella, Succinivibrio and Escherichia-Shigella. Similar results have been observed in previous studies using laboratory models of the colon based on culture in liquid media (Le Blay et al., 2008; Van den Abbeele et al., 2010; Tanner et al., 2014). Prevotella has also been shown to be the most abundant bacterial group in the porcine colon (Kim et al., 2011; Looft et al., 2012). This is likely related to the typical swine diet, which is relatively rich in polysaccharides requiring fibrolytic bacteria for their breakdown in the colon to provide SCFAs as an energy source for other members of the microbial community (Vital et al., 2014). Species of Prevotella reportedly produce acetate, which is an essential SCFA for butyrate production by some bacterial species in the swine gut ecosystem (Looft et al., 2014). Furthermore, we observed significant variations in the relative abundance of some bacterial groups, especially with rifampicin, which induced an important increase in the prevalence of Escherichia-Shigella genera in the middle of the fermentation (Figure 5). Such variations were not observed following addition of MccJ25 or reuterin to the bioreactors. They might be due to the broad-spectrum activity of rifampicin that affects both Gram-positive and Gram-negative bacteria, unlike the narrow spectrum of MccJ25, which targets bacteria belonging to the Enterobacteriaceae family only. However, reuterin, which was expected to have a broad spectrum of action (Cleusix et al., 2007; Stevens et al., 2011), did not show significant changes in this bacterial groups. This could be potentially due to the different mechanisms subtending the activities of MccJ25 and reuterin. This has been observed in our previous study, which showed that reuterin did not inhibit Salmonella Newport in the PolyFermS model (Naimi et al., 2020). The addition of reuterin (1.3 mM) was previously reported to significantly and selectively decrease E. coli without affecting other bacterial populations in an in vitro colonic fermentation model mimicking the proximal adult colon, inoculated with immobilized fecal microbiota (Cleusix et al., 2008). Indeed, we have mentioned that the lack of inhibitory activity of reuterin could be due to non-specific interactions with various compounds in the modified Macfarlane medium, or possibly to instability under these conditions. But, reuterin is an antimicrobial multicomponent system consisting of 3-hydroxy-propionaldehyde (3-HPA), its dimer and hydrate, and acrolein which has been suggested to be the active component of the system (Engels et al., 2016). Moreover, the equilibrium between acrolein and 3-HPA is dynamic and highly dependent on temperature and storage duration (Asare et al., 2018, 2020). This complex, subtle and dynamic equilibrium could also explain both the lack of anti-Salmonella activity and the absence of perturbations of the microbiota provoked by reuterin in the Polyferm model.

Similar results were observed when analyzing the impact of these antimicrobial compounds on metabolic activity of the swine colonic microbiota. Indeed, the LC-MS method developed as a complement to microbial diversity analysis provided important clarification of the effects of natural antimicrobials on the microbial ecosystem of the swine colon. As expected, LC-MS analysis showed that reuterin had no impact on the metabolome compared to the control group. However, MccJ25 appeared to significantly affect the metabolome and was shown distinguishable from other treatment groups, as shown by the LC-MS chromatograms. The approach of molecular networking based on LC-MS/MS profiling allowed to observe and identify degradation forms of MccJ25 in addition to the native microcin, thus forming that we defined as the “MccJ25 degradome”. Such a type of analysis had been previously performed in one of our previous studies that described the degradation products of MccJ25 under gastro-intestinal (GI) conditions (Naimi et al., 2018). In the present study, MS/MS spectra of MccJ25 in swine colonic conditions have shown two degraded forms with no cleaved segments. The first one is located at the G12-I13 peptide bond, while the second one is located at G14-T15, both being in the loop portion of the lasso structure, which is more exposed to the environment. Degradome analysis revealed other degradation products of MccJ25 involving cleavages in addition to the loss of two, four or five residues. These results confirm the partial degradation of MccJ25 under GI conditions due to pancreatic proteases (Naimi et al., 2018). This degradation pattern further validates that MccJ25 is unlikely to affect persistently the GI tract and therefore suggests that it should be considered as a safe alternative to antibiotics and for food applications.

Interestingly, metabolic profiling analysis has demonstrated an impact of rifampicin on the metabolome of the swine colonic microbiota. In this study, molecular network based on MS/MS analysis showed a clear clustering structure corresponding to the intact form of the antibiotic as well as its different degradation products. These metabolites, identified as demethyl rifampicin, desacetyl rifampicin and mono-oxygenated rifampicin, have been observed in swine colonic fermentation samples by LC-MS/MS. Such metabolites were also identified previously in vitro using an LC-MS approach that characterized the biotransformation products of rifampicin after incubation with a rat liver fraction (Prasad and Singh, 2009). Similar degradation metabolites were also generated in vivo by administering rifampicin to rats (Prasad and Singh, 2009). Rifampicin biotransformation by the fungus Cunninghamella elegans was also studied by UHPLC-MS and the degradation products appeared to impact the microbiota diversity and affect the metabolome (Sponchiado et al., 2020), in agreement with our present data.

Since MccJ25 appears to be a potent inhibitor of Salmonella Newport in the PolyFermS continuous culture model of the porcine proximal colonic microbiome as shown previously (Naimi et al., 2020), it should be considered as a potential alternative to antibiotics in pork production. In this study, MccJ25 does not appear to affect the composition of this bacterial community, as demonstrated by PMA-qPCR and 16S rRNA MiSeq sequencing analysis. This is important since it has been shown that changes in gut microbiota composition are associated with various metabolic disorders and likely subject the animal to stress in any event. LC-MS data analysis and metabolomic profiling allowed to demonstrate that MccJ25 induces only subtle changes in both the microbial diversity and the metabolome of the swine colon microbiota. Thus, MccJ25 is better than reuterin which does not perturb the microbiota but does not inhibit neither the growth of Salmonella Newport, and better than rifampicin which inhibits Salmonella growth but induces significant modification in amino acid levels.



Conclusion

Taking into account its pathogen-selective and potent inhibitory activity, its stability due to its compact and stable structure and the only subtle changes it induces in the microbiota composition, MccJ25 might be considered as a possible alternative to antibiotics in pig farming. Although the PolyfermS pig microbiota fermentation model does not mimic host factors and the treatments were only applied for 24 h, the present study affords a first proof of concept of a possible use of MccJ25 in pig farming. Future studies should be focused on validating in vivo the effectiveness of MccJ25 as an inhibitor of Salmonella in farmed pigs as well as evaluating its impact on the intestinal microbiota.
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Antimicrobial peptides (AMPs) show promises as valuable compounds for developing therapeutic agents to control the worldwide health threat posed by the increasing prevalence of antibiotic-resistant bacteria. Animal venom can be a useful source for screening AMPs due to its various bioactive components. Here, the deep learning model was developed to predict species-specific antimicrobial activity. To overcome the data deficiency, a multi-task learning method was implemented, achieving F1 scores of 0.818, 0.696, 0.814, 0.787, and 0.719 for Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Staphylococcus epidermidis, respectively. Peptides PA-Full and PA-Win were identified from the model using different inputs of full and partial sequences, broadening the application of transcriptome data of the spider Pardosa astrigera. Two peptides exhibited strong antimicrobial activity against all five strains along with cytocompatibility. Our approach enables excavating AMPs with high potency, which can be expanded into the fields of biology to address data insufficiency.
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Introduction

The overuse and the misuse of antibiotics have contributed to the increased selective pressure for antibiotic resistance (Cantón and Morosini, 2011). As a result, the emergence and spread of antibiotic-resistant bacterial strains have risen dramatically during recent years and caused at least 35,000 deaths in the United States, according to a 2019 report (Centres for Disease Control and Prevention, 2019). As the widespread of antibiotic-resistant bacteria has become a serious medical threat, there is an urgent need for discovering novel antimicrobial reagents that can directly contribute to the development of next-generation antibiotics. Among various bioactive molecules, peptides are advantageous for therapeutic applications because of their distinctive characteristics and physiological roles, such as immunomodulators, hormones, ligands, and signals (Cunha et al., 2008; Posner and Laporte, 2010; Krumm and Grisshammer, 2015). The intrinsic diversity in the sequence of peptides leads to a broad spectrum of molecular targets with high specificity and selectivity (Tsomaia, 2015). In addition, peptides have low cytotoxicity, low tissue accumulation, and cost-effectiveness compared with small molecules and recombinant proteins (Recio et al., 2017).

Antimicrobial peptides (AMPs) play a key role in the innate immune system, contributing to the defense against pathogens like bacteria, fungi, parasites, and viruses and exhibiting immunomodulatory activities (Yeung et al., 2011; Van Dijk et al., 2016; Mookherjee et al., 2020). Generally, AMPs are less than 50 amino acids (AAs) in length with hydrophobic residues and high positive net charges, leading to interactions with pathogen membranes and intracellular molecules (Huan et al., 2020). By virtue of their non-specific and rapid killing mechanisms against pathogens, AMPs are a promising novel class of antibiotics for preventing and combating antibiotic-resistant bacteria (Nuti et al., 2017; Lei et al., 2019). AMPs are found in almost every organism and are highly abundant in animal venoms. For example, in the antimicrobial peptide database 3 (APD3), 153 AMPs originated from the venom of various species, including spider (Wang et al., 2016). Spiders are among the most successfully evolved taxa of venomous animals, which led to the possession of venom with remarkably diverse mixtures comprising thousands of different components (Langenegger et al., 2019). Therefore, spider venom could be a useful source of novel AMPs (Budnik et al., 2004; Wang and Wang, 2016; Wadhwani et al., 2021).

The increased utilization of deep learning in biological and medical research enabled high-throughput analyses, aided by exponentially accumulating biological datasets (Schmidt and Hildebrandt, 2021). Various deep learning models have been developed for the prediction of miRNA targets, the identification of biological signals, the inference of gene expressions, and the prediction of DNA functions based on large amounts of genomic data (Chen et al., 2016; Lee et al., 2016; Quang and Xie, 2016; Tan et al., 2017). Although deep learning techniques have also been applied in neurotoxic, antibacterial, antifungal, and anticancer peptides discovery, the expansion of similar approaches to some fields is challenging due to the data limitations (Fjell et al., 2009; Lata et al., 2010; Waghu et al., 2016; Meher et al., 2017; Ashfaq et al., 2021; Charoenkwan et al., 2021; Lee et al., 2021). The diversity of bacterial genomes led to distinctive bioactivities of individual strains, as well as numerous defense mechanisms toward antibacterial agents (Zhou et al., 2015). Even though it is not our intention to diminish the importance of developing narrow-spectrum antibiotics, each type of pre-existing method may predict AMPs working on only one or a few types of bacterial species. Thus, we tried to build a generalized model that can predict AMPs working on multiple species to suggest reliable candidates of novel antibiotics.

In this study, an accurate deep learning model for predicting antimicrobial activities against five bacterial strains was developed via multi-task learning (MTL), a method that can overcome the lack of data by improving generalization (Wang et al., 2017; Figure 1A). We curated the dataset with AMP and non-AMP data for model training and testing. Due to the extreme data limitation when training the model, prediction targets were restricted to five bacterial species, Bacillus subtilis (B. subtilis), Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus), and Staphylococcus epidermidis (S. epidermidis). The MTL was applied for model training and was compared with the single-task learning (STL) application. The implementation of the MTL resulted in the best-performing model, which was used for screening potential AMPs from the transcriptome of the spider Pardosa astrigera (P. astrigera). Two spider-derived peptides, PA-Full and PA-Win, were selected and were verified of their antibacterial activities by functional evaluation. Notably, PA-Win was shown to be a strong AMP with low cytotoxicity in mammalian cells. Our results demonstrated that the deep learning model trained by the MTL achieved an improved prediction performance, overcame the data deficiency, and predicted novel AMPs with high cytocompatibility compared with the application of the STL.
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FIGURE 1
 An overview of research workflow, dataset information, and deep learning model structures. (A) A schematic representation of discovering novel AMPs from Pardosa astrigera spider venom via deep learning model. (B) A Venn diagram showing the number of antimicrobial peptides targeting each bacterial species. Only 14 peptides exhibited antimicrobial activities for five target bacterial species under a MIC value of 267.7 μg/ml. (C) An illustration of the model structure for the multi-task learning (MTL). The model was organized by a single shared layer composed of embedding and BiLSTM layers and task-specific layers for each target composed of BiLSTM and fully connected layers. The loss value of each prediction target was calculated, resulting in five values, which were backpropagated at the same time. (D) An illustration of the model structure for the STL. The model was constructed using embedding, BiLSTM, and fully connected layers without parameter sharing through a shared layer.




Materials and methods


Dataset preparation

The AMP data for model training were collected from the database of antimicrobial activity and structure of peptides (DBAASP; Pirtskhalava et al., 2016). The dataset contains 14,708 monomer sequences of peptides with known minimum inhibitory concentration (MIC) values against diverse microbial species. The MIC values in the dataset expressed as micromolar (μM) were converted to microgram per milliliter (μg/ml) for consistency. For peptides that had multiple MIC test results in an identical species, the average value of MIC was calculated and used. Among the AMP data, several peptides had high MIC values that indicated extremely low antibacterial activity. Thus, we filtered the AMPs by a cutoff value of 267.7 μg/ml, which is the lower 95% range of MIC values from the entire AMP data. We obtained the non-AMP data from UniProt using the keyword “NOT antimicrobial” (Bateman et al., 2019).

There were many peptide sequences showing high similarity with other peptides and the peptide sequence redundancy can interfere with model training and performance evaluation. Therefore, the redundancy between training and test datasets as well as within the sequences in the test dataset were controlled by the CD-HIT program with a cutoff value of sequence identity threshold < 0.5 to evaluate the model performance accurately (Fu et al., 2012). For the training data, the cutoff value of 0.9 was used to increase the data for model training. We selected five target bacterial species for prediction based on the amount of the AMP sequences that was greater than 190, of which the positive data for respective species were divided into train and test datasets. The non-AMP data possessed more diverse functionality than the AMP data, so we prepared two types of datasets with ratios of 1:1 and 1:3 between the non-AMP and AMP data, and test datasets were organized with the ratio 1:10 (Table 1).



TABLE 1 The number of peptide sequences used for model training and testing.
[image: Table1]



Prediction model structure and training

There are various types of deep learning networks, among which a recurrent neural network (RNN)-based model is known as an effective way to process sequential data. Peptide data can be considered sequential data because the function of a peptide is determined by a sequential chain of AA residues. Thus, we organized the model structure based on long-term short memory (LSTM), a type of RNN that can tackle the vanishing or explosion gradient problem of RNN (Hochreiter and Schmidhuber, 1997). In addition, bidirectional long short-term memory (BiLSTM) was implemented to reflect both the forward and backward direction of the peptide in the model prediction.

For model training, the MTL and STL were applied, respectively. In the MTL, a shared layer was connected to five different task-specific layers to predict the antimicrobial activity for each target bacterial species. The model architecture of the STL was identical to that of MTL but without a sharing layer with other prediction targets. The configuration of the model architectures was organized with varying BiLSTM node sizes (Supplementary Table 1). We applied hyperparameters for model training with the Adam optimizer with a learning rate of 1E-4 and a maximum training epoch of 500 (Kingma and Ba, 2014).

The performances of the trained models were measured by precision, recall, F1 score, and Matthews correlation coefficient (MCC) as follows:
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where TP stands for a true positive number, TN for a true negative number, FP for a false positive number, and FN for a false negative number. We selected the best-performing model in the MTL and STL, respectively, according to the highest F1 score.



Discovering novel AMPs from Pardosa astrigera spider transcriptome data

The transcriptome of the venom gland of P. astrigera spider obtained from the previous study was utilized (Shin et al., 2020). The unigenes were processed for abundance estimation and open reading frame (ORF) region prediction by RSEM and TransDecoder program, respectively (Li and Dewey, 2011). The predicted coding regions was translated into AA residues, and the translated coding regions were used for discovering novel AMPs by deep learning model.

The translated sequences were prepared for two types of input data, using full sequence under length of 50 AAs and partial sequence of the full sequence by sliding window. The sliding window truncated the sequence for desired length and step size from the original sequence, where the truncates were generated with 20-mer length with a step size of five AA in this study. Two types of prepared input data were fed into the selected best-performing model via MTL, and the probabilities of antimicrobial activity against five strains were provided. The two peptides, PA-Full and PA-Win, were selected from the model, and net charge and water solubility were calculated using PepCalc.1



Bacterial strains and cell lines

Bacterial strains of E. coli (KCCM 11234), P. aeruginosa (ATCC 9027), B. subtilis (ATCC 6051), S. epidermis (ATCC 12228), S. aureus (KCCM 11335), and methicillin-resistant S. aureus (MRSA, ATCC 33591) were used in this study. Every strain was maintained in Mueller-Hinton broth (MHB, Difco Laboratories, Detroit, MI, United States) under shaking conditions at 37°C. In addition, human cell lines of A549 (ATCC CCL-185), MCF7 (ATCC HTB-22), HaCaT (CLS 300493), NHA (Sciencell 1800), and NHDF (ATCC PCS-201–012) were used. The cells were cultured under a humidified atmosphere with 5% CO2 at 37°C. A549 cells were cultured in RPMI-1640 (Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin and streptomycin (PS, Gibco). HaCaT and NHDF cells were cultured in Dulbecco’s modified Eagle medium supplemented with 10% FBS and 1% PS. MCF7 cells were cultured in minimum essential media (Gibco) supplemented with 10% FBS, 1% PS, and 1 × non-essential amino acids solution (Gibco). Finally, NHA cells were cultured in astrocyte medium (Gibco).



Antibacterial activity assessment

The MIC values of peptides were measured by performing the broth microdilution method. Bacterial strains were cultured in MHB at 37°C to reach an exponential phase. The bacterial suspension was prepared into 2 × 105 CFU/ml and transferred 50 μl to 96-well microplates. An equal volume of peptides was added to each well, reaching a final concentration from 0.125 to 256 μg/ml of the peptides. The wells containing either only media or the mixture of inoculant and media served as blank and control, respectively. The bacterial growth was measured using a microplate reader (Molecular Devices, Sunnyvale, CA, United States) at 600 nm after incubation at 37°C for 18 h. MIC values of the peptides were determined of the lowest concentration without observable growth of bacteria. To assess the bactericidal effect of the peptides, 50 μl of the samples from each well below the MIC values were plated onto tryptic soy agar (Difco Laboratories) plates. The agar plates were incubated at 37°C overnight, and the minimum bactericidal concentration (MBC) values were defined as the lowest peptide concentrations without any colony formation.



Measuring bacterial membrane permeabilization

The measurement of outer membrane permeabilization and cytoplasmic membrane depolarization was performed using 1-N-phenylnapthylamine (NPN) and 3,3′-dipropylthiadicarbocyanine iodide (DiSC3(5)), respectively, as previously described (Shin et al., 2022).



Field emission scanning electron microscope (FE-SEM) imaging

Morphological changes upon treating peptides were observed using FE-SEM imaging. Target bacteria strains in the exponential phase were diluted in medium to reach 1 × 107 CFU/ml in MHB and seeded onto cover glass coated with poly-L-lysine. After 2 h at room temperature (RT), the bacteria were washed with PBS and treated with 1 × MIC of each peptide for 4 h at RT. The samples were washed with PBS and fixed with 2.5% glutaraldehyde solution at 4°C overnight. After washing with distilled water, bacterial samples were dehydrated with a series of gradient ethanol concentrations (30, 50, 60, 70, 90%, twice for 100%) and then air-dried. Following the platinum coating, bacterial morphology was observed under the FE-SEM sigma instrument (Carl Zeiss Microscopy, Jena, Germany).



Cytotoxicity assay

For cytotoxicity assay of the peptides, the cells were seeded at a density of 1 × 104 cells/well in 96-well microplates. Various concentrations of peptides ranging from 1 to 256 μg/ml were treated and then incubated for 24 h. The microplate was incubated for 1 h after adding Quanti-Max WST-8 Cell Viability assay solution (Biomax, Seoul, South Korea) to each well. For calculating relative cell viability, the absorbance (Ab) was read using a microplate reader (Molecular Devices) at 450 nm.



Hemolysis assay

To determine the hemolytic effects, bovine red blood cells (RBCs, Innovative Research, Novi, MI, United States) were used. RBC suspensions of 100 μl were transferred to each microtube and were combined with an equal volume of peptide solution. PBS and 0.1% Triton X-100 were used as the negative and positive controls, respectively. The samples were incubated for 1 h at 37°C and then centrifuged at 3,000 × g for 10 min at 4°C. After transferring the supernatants to a 96-well microplate, the Ab was measured using a microplate reader (Molecular Devices) at 450 nm. The hemolytic activity was calculated using the following equation:
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Statistical analysis

All experimental work was independently conducted, and the results were expressed as mean ± standard error of the mean (SEM). The statistical significance of the data was evaluated by performing a one-way analysis of variance (ANOVA) test, followed by Bonferroni correction using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, United States). p-Values of < 0.05 were considered statistically significant.




Results


Training deep learning model for antimicrobial activity prediction via MTL

To predict antimicrobial activities targeting a selected set of bacteria, a model should provide several independent prediction results for individual targets. The prediction targets were five different bacterial species, which could be considered multiple related tasks. Multi-label classification could be one approach to model training (Zhang and Zhou, 2013). However, because only 14 peptide sequences were fully labeled for all prediction targets, multi-label classification was not applicable (Figure 1B). Thus, we applied the MTL on non-overlapping datasets by optimizing the model with multiple loss functions (Zhang and Yang, 2017). The model structure was organized as one shared layer connected to several task-specific output layers, otherwise known as hard parameter sharing, and the method effectively prevented an overfitting problem (Figure 1C; Strezoski et al., 2019). During model training, the gradients from the individual prediction target flowed through each task-specific layer and were merged into a shared layer. In comparison, the model for the STL was organized as serially stacked BiLSTM layers without a shared layer, where one model predicts for each target species only (Figure 1D). Considering that the antimicrobial activity of the peptide is exhibited regardless of sequence direction, the BiLSTM-based prediction model was used. Essentially, the STL and the MTL adopted an identical model structure for predicting individual target species, but only the MTL with the shared layer is trained by broad features of AMPs from the integrated dataset. To determine the model structure with better performance than others, we applied various BiLSTM unit sizes and hyperparameters. The input sequence length fed into the model was restricted to be under 50 AAs, as most AMPs in the database rarely exceed 50 AAs. As multiple trained weights were generated during model training, the optimized model in each training strategy and hyperparameter that resulted in the highest F1 score on the validation dataset was selected for further evaluation of prediction performance.

To evaluate the trained model performance, the prediction performances of the MTL and the STL were compared by performance metrics. As the number of positive class dataset was extremely small for model performance test, the non-AMP dataset was sampled 10 times larger than the positive data for the test dataset for the better evaluation of the model. Hence, three performance metrics, precision, recall, and F1 score, were determined. When comparing the box plots of model performance grouped by the STL and the MTL, the MTL showed the best prediction performance in every performance metric and for every target species (Figure 2A). From the scatter plot comparing the prediction performance values trained by the STL versus the MTL under identical model structures, 92.2% of the total results showed improved performances by the MTL than the STL based on the F1 score (Figure 2B). Finally, we achieved the best performing model in the STL and the MTL strategies based on the F1 score of the test dataset, and the precision-recall curves of the models were exhibited (Figure 2C). A model with the best performance in the MTL outperformed that in the STL for every prediction target species, except for S. epidermidis (Table 2). The MTL achieved a precision-recall area under the curve (PRAUC) score of 0.758 for B. subtilis, 0.738 for E. coli, 0.886 for P. aeruginosa, 0.826 for S. aureus, and 0.918 for S. epidermidis. In addition, the size differences between the non-AMP and the AMP datasets affected the model performance, where the ratio of 1:3 showed better results than that of 1:1 in precision, F1 score, and PRAUC, but not recall (Supplementary Figure 1). Overall, the MTL improved the model prediction of the antimicrobial activities of peptides against five species, suggesting that the shared layer boosted the extraction of the latent representation of peptides.

[image: Figure 2]

FIGURE 2
 Comparisons of the model performance of the MTL and the STL using the test dataset. (A) Boxplots of performance metric results. The MTL scored higher than the STL in precision, recall, F1 score, and MCC. (B) Scatter plot showing F1 scores of the MTL and the STL of the identical model structure. The gray line indicates the equivalent performance of the MTL and the STL in F1 score, where dots above the line show that the F1 score of the MTL was higher than that of the STL. More than 90% of the dots were above the gray line, suggesting the MTL improved prediction performance effectively. (C) Precision-recall curves of the best-performing models in the MTL and the STL. The MTL achieved improved prediction performances of the AUC values.




TABLE 2 Prediction results of the best-performing model by multi-task learning (MTL) and single-task learning (STL) on the test dataset.
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Discovering novel AMPs from the transcriptome of Pardosa astrigera spider venom via the MTL model

In order to discover novel AMPs from the spider venom, venom gland transcriptome analysis of P. astrigera, a wandering spider, was performed (Shin et al., 2020). The venom gland was separated from the spider, and RNA-sequencing and de novo assembly were conducted after total RNA isolation (Haas et al., 2013). A total of 149,710 genes with expression levels > 1.0 fragments per kilobase of transcript per million (FPKM) among 169,160 unigenes were identified. The ORF region was predicted by the TransDecoder program, resulting in total 56,373 coding sequence regions (Hwang et al., 2021). The coding regions were translated into AA residues, and the sequences were used for further discovery of AMPs.

Transcripts often consist of signal and propeptide sequences that are cleaved to produce the mature protein with a shortened peptide length but full biological activity (Kuhn-Nentwig, 2021). However, the prediction model was designed to have a maximum input sequence length limitation of 50 AAs, leading to a problem that a substantial portion of the peptides with signal and/or propeptide sequences cannot be used for the antimicrobial activity prediction. Thus, we applied the “sliding window” technique for discovering potential AMPs from not only short sequences but long sequences, as 64% of the transcript was over 50 AAs in length (Figure 3A). The “sliding window” technique truncated sequences with the desired length by horizontally moving the “window frame” on an input peptide (Figure 3B). We selected a window size of 20 AAs because the length of most known AMPs is around 20 AAs.

[image: Figure 3]

FIGURE 3
 The input data composition and the prediction results from the model. (A) A schematic view of the sliding window technique. An example of the truncation of a sequence with a 10-AAs window size and 2-AAs step size. (B) Histogram showing AA sequence length of ORF regions from P. astrigera transcriptome. The sequences under 50 AAs in length accounted for 36% of the data. (C) Sequence prediction results according to the input data type; full and partial sequences. The prediction results from the deep learning model provided the probability of antimicrobial activity for five target bacterial species. The numbers under each histogram represent the counts predicted as AMPs against five bacterial species, where 588 peptides from full sequences and 167,267 peptides from partial sequences of P. astrigera were found as AMPs against all the bacterial species.


We predicted AMPs from P. astrigera data using the input of full sequences under length of 50 AAs and partial sequences by sliding window technique (Figure 3C). The histogram presented the count of peptides by the total number of bacterial targets predicted as AMPs. For example, the case of “2” represents the total sum of AMPs predicted for two species in every combination among five targets. Initially, 20,239 peptide sequences from P. astrigera were predicted to have antimicrobial activities without the sliding window technique, and 588 sequences were predicted AMPs against the five bacterial species. When the sliding window technique was implemented using the window size of 20 AAs and step size of 5 AAs, we obtained 1,581,209 partial peptide sequences, of which 167,267 were predicted to be AMPs against five bacterial species. In the case of other window size ranging from 14 to 24, the results are shown in Supplementary Table 2.

Among numerous potential sequences with antibacterial effects, we selected two peptide sequences from each screening method that met the following criteria: FPKM > 10, net charge above + 3, and good water solubility. Each peptide selected from the results with or without the sliding window technique was named PA-Win or PA-Full, respectively (Table 3). The model predicted the two putative AMPs with almost 100% probability, and the peptides were not homologous to any known AMPs found by APD3 and NCBI BLAST (Camacho et al., 2009; Wang et al., 2016). Only uncharacterized proteins with unknown function from diverse spiders were annotated to PA-Win with an E-value of 3E–13. Notably, the discovery of PA-Win would not have been possible from the prediction model were it not for local activity prediction via the sliding window technique. The two selected peptides, PA-Full and PA-Win, were synthesized and used for further experimental evaluation.



TABLE 3 The prediction results and characteristics of the PA-Full and PA-Win.
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Functional evaluation of the PA-Full and PA-Win predicted from the model

The functional properties of the selected peptides were evaluated by in vitro experiments. First, PA-Full and PA-Win were tested for their antimicrobial activities against Gram-negative bacteria E. coli and P. aeruginosa, and Gram-positive bacteria B. subtilis, S. epidermidis, and S. aureus, which are the five strains used for securing the AMP sequence data. As a representative AMP, melittin, a major component of bee venom, was used as a positive control because it rapidly kills microbes (Lee et al., 2013). The bacteria were treated with peptide concentrations between 0.125 and 256 μg/ml; that is, under the cutoff value of 267.7 μg/ml applied for pre-processing the model dataset. As shown in Table 4, the two peptides exhibited significant growth inhibition of the target strains. PA-Win showed stronger antibacterial effects than PA-Full, having MIC values ranging from 1 to 8 μg/ml on every strain. The potency of bacterial eradication was then measured by the MBC of the peptides. The MBC of PA-Win was obtained against every species, whereas PA-Full was measured only on B. subtilis. It was confirmed that the two peptides have antimicrobial function against five different strains, and PA-Win was demonstrated to be a strong AMP, showing a strength comparable to melittin.



TABLE 4 The MIC, MBC, and IC50 values of PA-Full and PA-Win.
[image: Table4]

The toxicity of the peptides on mammalian cells was also tested to investigate the cytocompatibility for further biological applications. The cytotoxic effect was measured on various cell lines, such as human lung carcinoma (A549), immortalized human keratinocytes (HaCaT), human breast adenocarcinoma (MCF7), normal human astrocytes (NHA), and normal human dermal fibroblasts (NHDF), using the WST assay (Supplementary Figure 2). The half-maximum inhibitory concentration (IC50) values and their 95% confidence interval were calculated from three individual tests for each cell line. When treated with PA-Full, cell lines were not affected and remained viable even at peptide concentrations above 256 μg/ml (Figure 4A). The IC50 values of PA-Win on cell lines were at least eight times higher than the highest MIC value, 8 μg/ml (Figure 4B). The hemolytic activities of the peptides were evaluated using bovine erythrocytes. Hemolytic activity was presented as the relative value to 0.1% Triton-X treatment, exhibiting 100% hemolysis, and the concentrations of 0.5 ×, 1 ×, and 2 × MIC of PA-Full, PA-Win, and melittin were tested. When treated with 2 × MIC, PA-Full and PA-Win caused almost no hemolysis which was below 3%, whereas the melittin caused hemolysis over 90% (Figure 4C). Both peptides showed inhibitory concentrations that can exert sufficient antibacterial activity without affecting mammalian cells, and PA-Win was observed to be the stronger AMP among the two peptides.
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FIGURE 4
 Comparisons between MIC values and cytotoxic effects of PA-Full and PA-Win. (A,B) The left bar graph in each panel indicated MIC values of five bacterial species. The right bar graph showed the best-fitted IC50 values of five human cell lines with a 95% confidence interval. Both (A) PA-Full and (B) PA-Win showed MIC values lower than the IC50. (C) The hemolytic effect of the peptides was compared with that of melittin. Almost no hemolysis was occurred up to 2 × MIC of PA-Full and PA-Win, which was under 3%. On the other hand, melittin caused hemolysis over 90% at 2 × MIC. Data are represented as mean ± SD; ****p < 0.0001, one-way ANOVA with Bonferroni correction as a post-test.




Effects of PA-Full and PA-Win on bacterial membrane integrity

It is well known that AMPs exert their antibacterial activity by disrupting the membrane, causing pore formation and leakage of cellular components. Fluorescent dyes DiSC3(5) and NPN were used to evaluate the effects of the selected AMPs on bacterial membrane integrity, individually targeting the cytoplasmic and outer membrane. Along with the two selected peptides, 1 × MIC of melittin (shown in Table 3) was again used as a positive control because it kills microbes by membrane disruption. As depicted in Figure 5A, bacterial cells treated with the two respective peptides showed either an instant or time course increase in relative fluorescence intensity by DiSC3(5) due to a depolarized cytoplasmic membrane. PA-Full and PA-Win caused sharp increases in the relative fluorescence of Gram-positive strains than Gram-negative bacteria. In Gram-negative strains, the NPN uptake assay was additionally conducted to measure the outer membrane disruption caused by treating with the peptides (Figure 5B). The maximum relative fluorescence intensity was reached within a minute for both peptides, where the relative fluorescence intensity obtained by treating with PA-Full exceeded that by melittin. The results showed that PA-Full and PA-Win effectively led to biomembrane defects.

[image: Figure 5]

FIGURE 5
 Disruption of bacteria membrane upon PA-Full and PA-Win treatment. (A) The cell membrane permeability of DiSC3(5) was measured to evaluate the integrity of bacterial cytoplasmic membranes. The increase in fluorescence intensity was observed when Gram-positive and Gram-negative bacteria were treated with 1 × MIC of the peptides, PA-Full, PA-Win, or melittin. (B) The permeabilization of the outer membranes of Gram-negative bacteria was observed by the NPN uptake assay. Treatment with PA-Full or PA-Win showed sharp increases in fluorescence intensity comparable to that of melittin. (C) Morphologies of bacteria imaged by FE-SEM. Every strain treated with 1 × MIC of peptides for 4 h showed damage to bacterial membranes with blebs and ruptures compared with the negative control treated with an equal volume of PBS. The scale bars represent 4 μm.


In agreement with the DiSC3(5) and NPN fluorescent measurements, FE-SEM revealed the morphological changes upon peptide treatment (Figure 5C). The control groups were treated with an equal volume of PBS. While the control group retained their normal shape with an intact surface, the bacteria treated with the two respective peptides for 4 h showed apparent damages on cells. The peptide-treated groups showed blebs and deformations on the cell surface and even complete rupture. Altogether, these results indicated that PA-Full and PA-Win permeabilized the cells and disrupted bacterial membranes, like other known AMPs.




Discussion

Antimicrobial peptides (AMPs) have recently received major attention for the potential new therapeutic agents because of their ability to efficiently kill a broad range of microorganisms by permeating biomembranes, damaging cellular components, and inhibiting metabolic processes (Mwangi et al., 2019). Animal venoms comprise various biological components that are used in predation and defense, such as AMPs. However, identifying potential AMPs from animal venoms via conventional experimental methods is time-consuming and labor-intensive. Therefore, we developed a deep learning model that predicts potential candidate AMPs based only on AA sequences and then used the transcriptome data obtained from the venom gland of spider P. astrigera to discover novel AMPs.

Spider venom is a rich source of functional biomolecules as it is well known of its diversity in venom components with various effects, such as antimicrobial, analgesic, antimalarial, and anti-arrhythmic activities. Thus, we obtained venom gland transcriptome data from the spider P. astrigera to identify novel AMPs. Many studies are based on homology search when handling the transcriptome data for investigating and characterizing animal venoms. However, because homology search is based on the sequence similarity with already discovered peptides, it has limitations in identifying completely novel functional peptides with no resemblance to known peptide sequences. By contrast, the deep learning approach predicts the antimicrobial functionality based on the peptide sequence per se; that is, the antimicrobial activity is predicted based on the input sequences of AAs without considering any physicochemical properties, only using the latent representation of the AA sequences. Thus, the deep learning model can broaden the search for AMPs that the homology search cannot discover.

In order to discover peptides with antibacterial activity against a broad range of bacterial species, we aimed to develop a deep learning model for predicting antimicrobial functionality against five bacterial species. Among the various criteria employed for categorizing AMPs by several databases, a cutoff value of MIC of 267.7 μg/ml was applied to obtain more data in the means of increasing the prediction target species. Lowering the MIC cutoff may possibly identify stronger AMPs than the current model, however, it should limit the prediction target by diminishing the number of peptides that can be utilized to train the model. Finally, the AMP data used for this study were selected based on available peptides that met the minimum number applicable for the deep learning model training. However, about 60% of the peptides were demonstrated to kill only single bacterial species among five target species (Figure 1B). The majority of the positive data was AMPs with narrow-spectrum antimicrobial activity; although such sequences may be active against species that were not tested yet, it still provides information only on narrow-spectrum until experimentally validated. In this context, a prediction model for AMPs without considering species-specific targets will provide AMP sequences with a narrow-spectrum, targeting only one or two strains. Therefore, we designed a species-specific prediction model that provides information about antimicrobial activity against multiple bacterial species, two Gram-negative and three Gram-positive species, to avoid the discovery of narrow-spectrum AMPs.

The data for AMPs against B. subtilis, E. coli, P. aeruginosa, S. aureus, and S. epidermidis barely met the minimum amount of data for the deep learning approach, while the other strains were not even close. Thus, we developed a deep learning model via the MTL approach to overcome and compensate for these data limitations. The MTL is known to improve predictive performance by training multiple related tasks simultaneously, increasing data efficiency, and reducing overfitting (Crawshaw, 2020). Several efforts were made to increase the classification ability of the model using the data size between AMPs and non-AMPs. When it comes to the feature distribution on peptides, the AMP class can be said to be “local,” whereas the non-AMP is scattered as “global,” comprising diverse peptides without distinctive functions. For the model to improve the discrimination between both classes, the test dataset was constructed with AMPs and non-AMPs with a 1:10 ratio. In addition, two types of model training datasets were configured for each target bacterial species with the ratio between AMP and non-AMP as 1:1 and 1:3 for comparison. The MTL showed better predictive performance in the test dataset compared with STL. The weights of the shared layer were tuned by the gradient flows from five different tasks, which may facilitate the shared layer to learn more general latent representations of the peptides. When comparing the results based on the different amount of non-AMP in the training dataset, using a ratio of 1:3 between AMP and non-AMP data in both MTL and STL showed better performance than a ratio of 1:1 in precision. Meanwhile a ratio 1:1 partially performed better in recall metric, which may be due to the imbalance of the training data. A ratio of 1:3 resulted in improved prediction performance based on both the F1 score and PRAUC, which denote the balanced model performance, suggesting the distinguishability between AMP and non-AMP has further improved. Finally, based on the highest F1 score, we selected the best-performing model for discovering novel AMPs.

The best-performing model was provided with two input data types from the transcriptome of the spider P. astrigera, the full sequences and the partial sequences created by the sliding window, for antimicrobial activity prediction. Input data was about 78 times larger in the case of the partial sequences by sliding window and predicted about 284 times larger potential AMPs compared with the full sequence data. The sliding window technique facilitated the expansion of the input data, as well as the prediction results from the same transcriptome data. We selected PA-Full and PA-Win each from the predicted results using the full and partial sequences as the input data. The transcripts showed no homology with known peptides found by NCBI BLAST, resulting in PA-Full with no match and PA-Win with a hypothetical protein of unknown function (E-value of 3E–13). Both peptides were identified as AMPs through experimental evaluation, and, particularly, PA-Win showed outstanding antimicrobial activity with low toxicity to mammalian cells. Our deep learning model discovered novel AMPs that otherwise cannot be suggested by the traditional methods, including but not limited to BLAST. The model also demonstrated that PA-Win would not have been identified without implementing the sliding window technique. Finally, PA-Win has shown significant antibacterial activity comparable to that of a representative AMP, melittin, against all the tested strains and exhibited cytocompatibility without hemolytic activity, further raising its value. By using the model that we developed, it enables high-throughput prediction of novel functional peptides with low cost and effort, excavating peptides with high potential and high applicability as AMPs, such as PA-Win.

Our model can predict AMP functionality from any sequence data based on AAs, including the transcriptomes of other venomous species. The sliding window technique even accelerates the production of vast prediction results, which can contribute to the acquisition of AMP candidates for next-generation antibiotics. Conclusively, as our MTL-based deep model has successfully discovered an ideal AMP (i.e., PA-Win), we believe the methodology can be applied to the fields of biology with insufficient data for utilizing specific biological data and exploring multiple functional resources, including but not limited to AMPs.
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In a natural environment, bacteria are members of multispecies communities. To compete with rival species, bacteria produce antimicrobial peptides (AMPs), called bacteriocins. Bacteriocins are small, cationic, ribosomally synthesized peptides, which normally inhibit closely related species of the producing organism. Bacteriocin production is best studied in lactic bacteria (LAB). Streptococcus anginosus, belonging to LAB, produces the potent bacteriocin Angicin, which shows inhibitory activity against other streptococci, Listeria monocytogenes and vancomycin resistant Enterococcus faecium (VRE). Furthermore, Angicin shows a high resistance toward pH changes and heat, rendering it an interesting candidate for food preservation or clinical applications. The inhibitory activity of Angicin depends on the presence of a mannose phosphotransferase system (Man-PTS) in target cells, since L. monocytogenes harboring a deletion in an extracellular loop of this system is no longer sensitive to Angicin. Furthermore, we demonstrated by liposome leakage and pHluorin assays that Angicin destroys membrane integrity but shows only low cytotoxicity against human cell lines. In conclusion, we show that Angicin has a detrimental effect on the membrane of target organisms by using the Man-PTS as a receptor.
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Introduction

It is a common trait of lactic acid bacteria (LAB) to produce bacteriocins, and numerous streptococcal bacteriocins have been described (Barbour et al., 2013; Soto et al., 2017; Hertzog et al., 2018; Vogel and Spellerberg, 2021). We recently identified the novel bacteriocin Angicin of Streptococcus anginosus (Vogel et al., 2021).

As a conserved defense mechanism against infections, most living organisms produce antimicrobial peptides (AMPs) (Chikindas et al., 2018). Bacteriocins, the AMPs produced by bacteria, often inhibit only the growth of closely related species however, some bacteriocins also have a broader spectrum of activity (McAuliffe et al., 1998; Rea et al., 2010, 2011). These ribosomally produced antimicrobials give the producing organism a colonization advantage over competitors (Heilbronner et al., 2021). AMP classification distinguishes between bacteriocins that undergo major post-translational modifications (class I) and nearly unmodified peptides (class II) (Alvarez-Sieiro et al., 2016). Class II bacteriocins are further classified in pediocin-like (subclass IIa), two-peptides (subclass IIb), leaderless (subclass IIc) and non-pediocin-like, single bacteriocins (subclass IId) (Alvarez-Sieiro et al., 2016). Typical characteristics of bacteriocins are a size below 10 kDa, high thermal and pH stability. For bacteriocins not only an antibacterial activity was described, but some bacteriocins have additional antiviral and antifungal functions (Al Kassaa et al., 2014; Dehghanifar et al., 2019; de Souza de Azevedo et al., 2020; Kim et al., 2020). In addition, anticancer and immunomodulatory effects of bacteriocins have been reported (Joo et al., 2012; Małaczewska et al., 2019). Additionally, bacteriocins are colorless, odorless and tasteless (Perez et al., 2014). Such properties combined with antimicrobial activity render bacteriocins interesting candidates for a variety of applications (Negash and Tsehai, 2020). For example, the most prominent bacteriocin, Nisin (commercially available as Nisaplin™) produced by Lactococcus lactis, is approved as a compound for food preservation by the European Food Safety Authority (E number: E234) and the U.S. Food and Drug administration (Title 21 of the Code of Federal Regulations § 184.1538). Furthermore, several other bacteriocins or bacteriocin producing strains are applied in food preservation, including the bacteriocin Pediocin PA-1 (Alta 2341™), the sakacin producer Lactobacillus sakei (Bactoferm™ B2) or the leucocin producer Leuconostoc carnosum (Bactoferm™ B-SF-43) (Rodríguez et al., 2002; Silva et al., 2018; Abdulhussain Kareem and Razavi, 2020; Daba and Elkhateeb, 2020). With the ongoing increase of (multi)drug resistant bacteria and the decrease of available and applicable antibiotics, bacteriocins are also investigated as antimicrobial therapeutics (Duraisamy et al., 2020; Hu et al., 2020; Walsh et al., 2021). They have already been successfully tested for a topical application against skin infections caused by methicillin resistant Staphylococcus aureus (MRSA), against oral infectious diseases and for the treatment of Clostridium difficile infections (Rea et al., 2011; Tong et al., 2014; Ovchinnikov et al., 2020).

Streptococcus anginosus belongs to the family of LAB, and together with Streptococcus constellatus and Streptococcus intermedius it forms the Streptococcus Anginosus Group (SAG). It is found as a colonizer of mucosal membranes like the oral cavity, gastrointestinal and urogenital tract (Poole and Wilson, 1979; Whiley et al., 1992). The pathogenic potential of S. anginosus has been underestimated in the past, but this species can cause severe infections at all body sites. Isolation from abscesses, urine, blood cultures and cystic fibrosis patients has been reported and the incidence rate of invasive SAG infections is higher than the incidence rate for Streptococcus pyogenes and Streptococcus agalactiae combined (Laupland et al., 2006; Reissmann et al., 2010; Sibley et al., 2010; Kobo et al., 2017; Jiang et al., 2020). Therefore, exploring factors involved in the development of S. anginosus infections is important.

Angicin is a class IId bacteriocin produced by S. anginosus (Vogel et al., 2021). Mature Angicin has a molecular mass of 6053.1 Da and consists of 54 amino acids. A respective leader peptide with a double glycine motif is presumably cleaved of during processing and export. Angicin is active against closely related streptococci, listeria and vancomycin resistant Enterococcus faecium (VRE). While Angicin has been shown to disrupt membrane integrity of Listeria monocytogenes a receptor has not been identified (Vogel et al., 2021).

Pore formation is the most common antimicrobial mechanism of bacteriocins. These peptides are cationically charged, which allows an efficient interaction with the negatively charged bacterial membrane (Vasilchenko and Valyshev, 2019). Pore formation in the bacterial membrane leads to the disruption of the proton motive force and leakage of intracellular substrates, eventually resulting in cell death (van Belkum et al., 1991; Christensen and Hutkins, 1992; Minahk et al., 2000). Many bacteriocins have been shown to act via a receptor-dependent mechanism (Breukink et al., 1999; Cotter, 2014; Jeckelmann and Erni, 2020; Tymoszewska et al., 2020). For serval class II bacteriocins a wide range of activity in the nanomolar range has been reported and the mannose phosphotransferase system (Man-PTS) has been identified as receptor (Ramnath et al., 2004; Diep et al., 2007; Iwatani et al., 2007; Tosukhowong et al., 2012; Ríos Colombo et al., 2018; Tymoszewska et al., 2020; Oftedal et al., 2021). The Man-PTS is responsible for mannose and glucose uptake with a simultaneous phosphorylation of the sugar (Simoni et al., 1976; Jeckelmann and Erni, 2020).

For future applications of Angicin either as a food preservative or in a clinical setting further information on receptor, mechanism of action and cytotoxicity is crucial. To further explore its range of activity we wanted to know, whether Angicin, like other bacteriocins, is able to not only inhibit bacteria but also viruses and fungi. Such activity would broaden the range of applications for Angicin. As a novel finding of our study, the Man-PTS was identified as the receptor for Angicin. By liposome leakage and pHluorin assays, membrane disruption was established as the mode of action used by Angicin. Furthermore, we show that Angicin is not cytotoxic. Angicin shows a specific activity against bacteria, while viruses and fungi are not affected.



Materials and methods


Bacterial strains and growth conditions

All strains used in this study (Table 1) were cultivated on sheep blood agar plates (Oxoid, Basingstoke, United Kingdom) and incubated at 37°C and 5% CO2. For all non- Escherichia coli bacteria, liquid cultivation was performed in Todd-Hewitt Broth (Oxoid) supplemented with 0.5% yeast extract (THY, Gibco, Waltham, MA) under the same conditions. For E. coli, liquid cultivation was performed in lysogeny broth (LB-Miller) at 37°C while shaking (180 rpm). Listeria monocytogenes harboring pNZ44 or its derivates was cultivated in brain-heart-infusion medium (Oxoid) supplemented with 10 μg/ml chloramphenicol (Sigma-Aldrich Chemie GmbH, Steinheim am Albuch, Germany) at 37°C while shaking (180 rpm).


TABLE 1    All bacterial and fungal strains and plasmids used in this study.
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Human cell lines and culture conditions

Vero E6 (Cercopithecus aethiops derived epithelial kidney) cells were purchased from ATCC® and grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) which was supplemented with 2.5% heat-inactivated fetal calf serum (FCS), 100 units/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1x non-essential amino acids. ELVIS cells (Enzyme-Linked Virus-Inducible System—ELVIS™), also from ATCC® are genetically engineered baby hamster kidney cells that encode a lacZ gene, which is expressed upon infection via the viral transactivator ICP10 (Proffitt and Schindler, 1995). TZM-bl cells are HeLa derived cell line expressing CD4, CCR5 and CXCR4, encoding luciferase and β-galactosidase genes under the control of the HIV-LTR promoter (Wei et al., 2002). ELVIS and TZM-bl cells were grown in DMEM supplemented with 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin and 10% heat-inactivated FCS. Monocytic THP-1 cells were cultivated in Roswell Park Memorial Institute 1640 medium (RPMI 1640, Gibco™ RPMI 1640 Medium, GlutaMAX™, Life Technologies Limited) supplemented with 0.01 M HEPES Buffer (PAN-Biotech, Aidenbach, Germany), 10% v/v fetal bovine serum (FBS superior stabil, Bio&Sell GmbH, Feucht, Germany) and 0.2% v/v 2-mercaptoethanol (SERVA Electrophoresis GmbH, Heidelberg, Germany). Cells were incubated at 37°C and 5% CO2.



Culture conditions Candida

Candida albicans, Candida parapsilosis, and Candida auris were cultured on Sabouraud dextrose agar (40 g/L glucose, 10 g/L peptone, 20 g/L agar, pH 5.6). For suspension cultures, individual colonies were inoculated in shaking flasks with 10 ml of RPMI-1640 supplemented with 300 mg/l L-glutamine (Thermo Fisher Scientific, Waltham, United States) and grown at 37°C with orbital shaking at 150 rpm for 16 h.



Survival assay

Overnight cultures of L. monocytogenes, Listeria ivanovii, or Enterococcus faecium were inoculated in 10 ml THY at an O.D. 600 nm of 0.02. When they reached an O.D. 600 nm of 0.1, 1 ml was transferred in an Eppendorf tube. Subsequently, the bacterial cells were centrifuged at 8,800 × g for 2 min and the supernatant was discarded. The pellet was reconstituted in 10 mM phosphate buffer (Sigma-Aldrich) containing either 1.56 μg/ml Angicin (synthesized by PSL Heidelberg, purity > 98%) or as a control the same amount of water. Bacteria were incubated at 37°C and an aliquot was plated after 30, 60, 90, and 180 min. To determine the number of bacteria in the starting solution, water treated cells were plated after 0 min. Colony forming units per ml were determined after overnight incubation at 37°C and 5% CO2. At least five independent experiments were performed with technical duplicates.



pHluorin-assay

Overnight cultures of pHluorin2-expressing L. monocytogenes (Reich et al., 2022) were adjusted to an O.D. 600 nm of 3 in Listeria minimal buffer, pH 6.2 (LMB) (Crauwels et al., 2018) and 50 μl of bacteria were mixed with 50 μl of LMB containing different Angicin concentrations, ranging from 10 to 0.04 μg/ml. After 30 min incubation in the dark the emission at 520 nm was determined after excitation at 400 and 480 nm using an infinite M200 microplate reader (Tecan group Ltd., Männedorf, Switzerland). The ratio of 400 nm to 480 nm was calculated. As negative and positive controls, LMB and Nisin (10 μg/ml, Sigma-Aldrich) was used, respectively.



Liposome assay


Folch extraction

Lipids were extracted from live bacteria (E. coli, Pseudomonas aeruginosa, L. monocytogenes, VRE, and MRSA) or Vero E6 eukaryotic cells using the Folch method (Folch et al., 1957). Briefly, bacterial cells grown in overnight cultures (16–18 h) or Vero E6 cells from a confluent T-175 cm3 cell-culture flask were harvested by centrifugation and resuspended in 1 ml of 2:1 (v/v) chloroform/methanol mixture and vortexed 5 × 1 min. Then, 200 μl dH2O were added and the samples were centrifuged 7 min at 1,000 × g to induce phase separation. The lower phase containing the lipids was carefully extracted and moved in a glass vial. Liquid was removed by drying under nitrogen steam. Lipid amount was quantified by measuring the glass vial before and after the addition of lipids.



Liposome dye leakage

Liposome leakage assay was performed as previously described (Weil et al., 2020). Liposomes for dye-leakage assay were prepared by thin-film hydration and extrusion. Lipids previously extracted or commercially purchased (E. coli polar extract, Avanti polar lipids, Inc., Alabaster, AL, United States) were hydrated by adding 1 ml 50 mM 5(6)-carboxyfluorescein prepared in 50% phosphate buffered saline (PBS, resulting in a solution isoosmolar to PBS) and adjusted to pH 7.4 with NaOH, yielding a total lipid concentration of 5 mM. The glass vials were shaken at 70°C, 180 rpm, for 3 h. Small unilamellar vesicles were then prepared by 25x extrusion through 0.2 μM polycarbonate membranes (Nuclepore Track-Etched Membrane, Whatman plc, Maidstone, United Kingdom) in a Mini Extruder (Avanti Polar Lipids) on a heating platform at 70°C. Free dye was removed by 2x size-exclusion filtration using PD midiTrap Sephadex G-25 columns (GE Healthcare, Chicago, IL) and liposomes then quantified by nanoparticle tracking analysis using a ZetaView (ParticleMetrix, Inning am Ammersee, Germany). For assays in 96-well format, liposome preparations were diluted in PBS and 1–2 × 109/well added to plates in 80 μl volume. Fluorescence intensity was read in a Synergy plate reader (Biotek, Winooski, VT). Baseline was established by measuring fluorescence for 5 min, 20 μl of compounds then added and plates incubated for 1 h at 37°C with measurements every 1 min. Maximum intensity (100% dye release) was then measured by adding Triton X-100 to 2% final concentration and again measuring for 5 min. As a positive control, LL-37 (AnaSpec Inc., Fremont, CA) was used. Background signal (signal before the addition of compound) was subtracted from the data and subsequently it was normalized to the maximum intensity (signal after complete liposome leakage).




Radial diffusion assay

To asses bacteriocin activity a two-layer radial diffusion assay (RDA) was used, as described previously (Vogel et al., 2021). In short, overnight cultures of putative target organisms were washed with 10 mM phosphate buffer (Sigama-Aldrich) and the O.D. 600 nm was determined. Putative target strains were inoculated into warm liquid 1% agarose (Sigma-Aldrich) at a density of 2 × 107 bacterial cells per plate. After solidification wells were put into the agarose plate with wide bore pipette tips (Axygen—a corning brand, Corning Inc., Corning, NY) and filled with the test substance. Following a 3 h incubation period at 37°C, an overlay with trypticase soy agar (Oxoid) was performed. Inhibition zones were measured in cm after overnight incubation at 37°C and 5% CO2.

For the investigation of antimicrobial activity of S. anginosus BSU 1211 against L. monocytogenes or L. monocytogenesΔmptD a one-layer RDA was conducted (Vogel et al., 2021). Therefore, the target strains, were inoculated into liquid trypticase soy agar with a density of 2 × 107 bacterial cells per plate. Wells were put into the solidified agar and filled with 10 μl of S. anginosus solved in 10 mM phosphate buffer and an O.D. 600 nm of 0.5. After overnight incubation at 37°C and 5% CO2, inhibition zones were measured.



Antiviral activity


Human immunodeficiency virus-1

Virus stocks of CCR5-tropic HIV-1 NL4-3 were generated by transient transfection of HEK293T cells with proviral DNA as described (Münch et al., 2007). Transfection mixture was replaced by 2 ml DMEM supplemented with 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin and 2.5% heat-inactivated FCS after 8 h of incubation. 48 h later virus was collected by centrifuging the cell supernatant to remove cell debris for 3 min at 300 g. Virus stocks were stored at –80°C. For the infection assay, 10.000 TZM-bl cells were seeded the day before into 96-well-flat-bottom plates. Before infection, 80 μl of cell medium was added to the wells. Virus treatment experiments were done by mixing 70 μl of the peptide sample with 70 μl of 1/20 diluted HIV-1 for 1 h at 37°C. Then, 40 μl of the peptide-virus mix were added to each well. Two days post infection, the rates of infection were measured by Gal−Screen β−Galactosidase Reporter Gene Assay System for Mammalian Cells (Thermo Fisher Scientific) and the Orion II microplate luminometer (Berthold Technologies GmbH & Co., KG, Bad Wildbad, Germany). Values were corrected for the background signal derived from uninfected cells and antiviral effect of the peptide was then calculated by normalization to untreated cells which were set as 100% infection.



Herpes Simplex virus-1 and Herpes Simplex virus-2

Recombinant eGFP-encoding Herpes-Simplex-Virus 2 (Strain 333) was kindly provided by Patricia Spear (Northwestern University, United States) (Taylor et al., 2007) and HSV-1-GFP (Strain F) was provided by Benedikt Kaufer (Free University of Berlin). Virus stocks were generated by infecting 70–80% confluent Vero E6 cells in 175 cm3 cell-culture flasks in 30 ml cell medium (DMEM (supplemented with 2.5% heat-inactivated FCS, 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate, and 1x non-essential amino acids). Virus was harvested after 2–4 days as described above. For the infection assay, 5.000 ELVIS cells were seeded the day before into 96-well-flat-bottom plates. Before infection, the cell medium was removed and 80 μl of X-vivo cell medium supplemented with 2 mM L-glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin was added. Virus treatment experiments were done by mixing 35 μl of the peptide sample with 35 μl of HSV-1 or HSV-2 for 1 h at 37°C. Then, 20 μl of the peptide-virus mix were added to each well. For the experiments, HSV-1-GFP, HSV-2-GFP were used at a MOI of 0.05. Two days post infection, the rates of infection were measured by Gal−Screen β−Galactosidase Reporter Gene Assay System for Mammalian Cells (Thermo Fisher Scientific) and the Orion II microplate luminometer (Berthold Technologies). Values were corrected for the background signal derived from uninfected cells and antiviral effect of the peptide was then calculated by normalization to untreated cells which were set as 100% infection.




Antifungal activity

A resazurin assay was used to detect the antifungal effect of Angicin on the viability of Candida cells. Therefore, 2.5 × 103 cells were incubated in 200 μl RPMI-1640 medium with 300 mg/l L-glutamine and two different Angicin concentrations (25 μg/ml, 100 μg/ml) at 37°C for 24 h in a flat-bottomed polystyrene microtiter plate with 96 wells (Sarstedt AG & Co., KG, Nümbrecht, Germany) with shaking at 900 rpm on an Eppendorf shaker. For the following quantification of viable cells, a Resazurin-Reduction-Assay was performed. In brief, 20 μl of 0.15 mg/ml resazurin (Sigma-Aldrich) solution was added per well and incubated for 2 h at 37°C while shaking at 900 rpm. Fluorescence measurement (excitation wavelength 535 nm, emission wavelength 595 nm) of the resulting resorufin (viable cells are able to reduce resazurin to resorufin) was then performed by using a Tecan infinite F200 microplate reader (Tecan Group). The resulting data were normalized to the untreated control and the efficacy of Angicin was determined.



Cytotoxicity

THP-1 cells were seeded in a 96-well plate (Thermo Scientific- Nunclon ™ Delta Surface) with a final cell number of 105 cells per well. Angicin was diluted in cell culture medium (see Human cell lines and culture conditions) and added to cells in concentrations ranging from 100 to 12.5 μg/ml. THP-1 cells were incubated for 24 h and subsequently centrifuged for 10 min, 1,000 × g. 25 μl of the supernatant were discarded and replaced by 10% of Alamar blue™ HS cell viability reagent (Invitrogen AG, Waltham, MA) diluted in cell culture medium. After 1 h of incubation at 37°C and in the dark, absorbance at 572 and 600 nm was determined in a Tecan infinite M200 microplate reader (Tecan Group). The ratio of 572 nm to 600 nm was calculated. As positive control, cells treated with 1% Trition-X-100 (Sigma-Aldrich) were used, whereas untreated cells were the negative control.

Vero E6, ELVIS and TZM-bl cells were seeded in 96-well plates in 100 μl medium. The next day, peptide was added at indicated concentration and cell viability was quantified after 48 h with the MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide)-based assay. Briefly, the medium was removed and 90 μl PBS and 1 μl MTT (5 mg/ml in PBS, Sigma-Aldrich) solution were added per well. Following a 2.5 h incubation time at 37°C, supernatant was discarded, and the formazan crystals were dissolved in 100 μl 1:1 DMSO-EtOH solution. Absorption was measured at 450 nm and baseline was corrected at 650 nm using a Vmax kinetic microplate reader (Molecular Devices, San Jose, CA). Untreated controls were set to 100% viability.



Bioinformatic and statistical analysis

The GenBank database1 was accessed to obtain the nucleotide sequence of the Man-PTS operon of L. monocytogenes (accession number AF397145). Viewing and translation of nucleotide sequences was conducted using SnapGene 5.0 (from Inightful Science, San Diego, CA, United States; available at snapgene.com). For statistical analysis as well as to create graphs GraphPad Prism V6 (GraphPad Software, La Jolla, CA, United States) was used. To determine significant differences between treated and untreated cells Mann-Whitney U-tests were performed, using the GraphPad Prism V6 software.




Results


Kinetics of antimicrobial activity

Angicin has been shown to inhibit growth of a variety of different bacteria, including streptococci, listeria and enterococci in RDAs (Vogel et al., 2021). To determine if Angicin can exert rapid bacterial killing in liquid culture medium, a survival assay against VRE, L. monocytogenes and L. ivanovii was performed (Figure 1). In this assay, bacterial cells at a density of 107–108CFU/ml were exposed to 1.56 μg/ml Angicin in phosphate buffer at 37°C for 30, 60, 90, and 120 min and subsequently cultured on THY plates. For all three species, a significantly reduced viability could be demonstrated. After 30 min of incubation with Angicin less than 1% of bacterial cells survived in this experimental setting. The greatest decline in bacterial cell numbers was seen at the earliest time point (30 min), indicating a fast mechanism of action.
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FIGURE 1
Survival of vancomycin resistant Enterococcus faecium (VRE) (A), Listeria monocytogenes (B) and Listeria ivanovii (C) in the presence of Angicin. Bacteria were incubated with or without 1.56 μg/ml Angicin in 10 mM Phosphate buffer for 2 h. After 30, 60, 90, and 120 min, samples were taken and colony forming units (CFU) per ml were determined. To determined the amount of bacteria in the solution, a sample of the water control was used. Depicted is the mean + standard deviation of 5 independent experiments. Significant differences were calculated using a Mann-Whitney-U-test. **Illustrates a p-value < 0.01.




Mode of action

The mechanism of action of many bacteriocins is pore formation (Moll et al., 1999; Kumariya et al., 2019). We applied the improved pHluorin assay to investigate disruption of membrane integrity of L. monocytogenes (Reich et al., 2022). The assay is based on the constitutive expression of the biosensor pHluorin2, a GFP derivate with two distinct excitation peaks that change in fluorescence intensity dependent on the pH (Mahon, 2011). Thereby, the intracellular pH can be monitored and changes in intracellular pH indicate the disruption of membrane integrity of L. monocytogenes. Angicin concentrations ranging from 0.04 to 10 μg/ml were administered in this assay and the pore forming bacteriocin (Wiedemann et al., 2004), Nisin, was used as a positive control. 10 μg/ml Angicin showed the same effect on listerial membrane integrity as 10 μg/ml Nisin, implying that Angicin may have a similar mode of action as Nisin (Figure 2). Even a concentration of 0.08 μg/ml Angicin (approx. 119 nM) still interfered with membrane integrity in this assay, further highlighting its activity in the nanomolar range.
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FIGURE 2
Membrane damaging activity of Angicin on Listeria monocytogenes. L. monocytogenes EGD-e/pNZ-Phelp-pHluorin was incubated with Angicin concentrations ranging from 0.04 to 10 μg/ml in LMB, pH 6.2. Untreated bacteria were used as a negative control and Nisin (10 μg/ml) treated bacteria as positive control. Depicted is the mean + standard deviation of 2 independent experiments, each with three independent cultures. A Mann-Whitney-U-test was used to calculate significant differences to the negative control, with ** showing a p-value < 0.01.


For further characterization of the antibacterial effect of Angicin, liposomes containing bacterial lipids were generated. These comprised lipid extracts of MRSA, E. coli, and P. aeruginosa. The liposomes contain carboxyfluorescin, which is only released upon liposome destruction, therefore an increase in fluorescence signal indicates membrane disruption. E. coli derived liposomes were nearly unaffected by an Angicin treatment (Figure 3). The highest Angicin concentration applied (100 μg/ml) caused only an 9.8% leakage after 30 min, compared to a leakage of 1.8% for untreated liposomes. For P. aeruginosa derived liposomes, no effect was seen, with 100 μg/ml Angicin leading to a leakage of 11.53% and untreated liposomes showing a leakage of 10.8%. Liposomes derived from MRSA showed the highest sensitivity toward Angicin. All tested concentrations were able to destroy liposomes completely. Taken together, these data confirm the previously observed activity of Angicin against Gram positive bacteria, while Gram negative organisms are resistant.
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FIGURE 3
Effect of Angicin on bacteria derived liposomes. Liposomes filled with 50 mM carboxyfluorescein formed from bacterial lipid extracts either commercially purchased (E. coli, Avanti Lipids, A), or extracted from live bacteria [P. aeruginosa (B), methicillin resistant Staphylococcus aureus, MRSA (C)] by the Folch method were added to 96-well plates and baseline fluorescence was recorded once per minute for 5 min in total once per minute. Angicin was then added at indicated concentrations and fluorescence increase (indicating membrane disruption) was recorded for 30 min with one measurement per minute. Triton X-100 was then added to all wells at 2% final concentration to induce total lysis. Background signal was subtracted (signal of liposome prior to addition of compounds) and normalized to fluorescent signal achieved in each well after complete liposome leakage induced by addition of 2% (v/v) Triton X-100. Depicted is the mean of three experiments ± standard deviation.




Receptor specificity

Many bacteriocins bind to a receptor for efficient inhibition of target bacteria. In listeria and other Gram positive organisms the Man-PTS, especially the subunits IIC and IID have been identified previously as receptors for class IId bacteriocins (Tymoszewska et al., 2018; Jeckelmann and Erni, 2020). If Angicin interacts with this system is, however, unknown. To investigate whether Angicin targets the Man-PTS, the susceptibility of a L. monocytogenes mutant containing an 84 bp deletion (amino acids 219–246) in subunit IID (L. monocytogenes ΔmptD) was investigated (Dalet et al., 2001). In a RDA the Angicin-producing strain S. anginosus BSU 1211 was not able to cause an inhibition of L. monocytogenesΔmptD while the respective listerial wildtype strain showed an inhibition zone of 0.67 ± 0.07 cm (Figure 4A). Furthermore, the activity of synthetic Angicin against L. monocytogenesΔmptD was assessed (Figure 4B). In accordance with the previously obtained results, the L. monocytogenesΔmptD mutant showed a significantly decreased sensitivity toward synthetic Angicin, when compared to the wildtype. To verify that this effect was specific for Angicin, the susceptibility of L. monocytogenesΔmptD toward other antilisterial peptides, like β2-microglobulin (B2M) or Cm-p5 was examined (Holch et al., 2020; González-García et al., 2021, p. 5; Supplementary Figure 1). However, inhibition zones against L. monocytogenes and its isogenic mptD mutant were identical for these AMPs. In summary, our data supports the conclusion that, although the deletion mutant is still affected, the main receptor for Angicin is the Man-PTS of listeria.
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FIGURE 4
Receptor specificity of Angicin activity. L. monocytogenes EGDe and its isogenic mutant EGDeΔmptD were used as target strains in a radial diffusion assay. Inhibition zones were quantified in cm, the AMP LL-37 served as positive control. Depicted is the mean + standard deviation of 5 independent experiments. (A) Mann-Whitney-U-test was performed to determine significant differences between the inhibition zone size of the wildtype or the mutant strain. A p-value < 0.01 is illustrated by **. (B) Picture of a one-layer RDA conducted with L. monocytogenes EGDe or its isogenic mutant EGDeΔmptD as target strains and S. anginosus BSU 1211 as bacteriocin producer.




Antimicrobial activity of Angicin

Bacteriocins are sometimes not only able to inhibit bacteria but furthermore viruses and fungi can be suppressed (Al Kassaa et al., 2014; Dehghanifar et al., 2019). To further characterize the spectrum of antimicrobial activity of Angicin, we analyzed its effect on biomimetic liposomes of different sizes containing lipids chracteristic of viral particles with a liposome leakage assay (Figure 5). In this setting, the effect of Angicin on 200 nm liposomes was the most pronounced, with a maximum leakage of 42.9% when treated with 100 μg/ml Angicin. A treatment with 12.5 μg/ml Angicin still caused a leakage of 24.3%. Percentage of leakage for 100 nm liposomes ranged between 38.15 and 22.03%, for 50 nm liposomes between 28.15 and 23.45% and for 30 nm liposomes between 29.25 and 19.65%. In all cases, Angicin never caused a complete destruction of liposomes, rather a plateau was reached after an initial rapid increase in liposome leakage in the first 1–2 min after treatment start.
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FIGURE 5
Effect of Angicin on virus-like liposomes. Liposomes that resemble virus particles with sizes of 200 nm (A), 100 nm (B), 50 nm (C) or 30 nm (D) containing 50 mM carboxyfluorescin were added to 96-well plates and baseline fluorescence was recorded once per minute for 5 min. Angicin was then added at indicated concentrations and fluorescence increase (indicating membrane disruption) was recorded for 30 min with one measurement per minute. Triton X-100 was then added to all wells at 2% final concentration to induce total lysis. Background signal was subtracted (signal of liposome prior to addition of compounds) and normalized to fluorescent signal achieved in each well after complete liposome leakage induced by addition of 2% (v/v) Triton X-100. Depicted is the mean of two to three experiments ± standard deviation.


Next, the antiviral activity of Angicin against human immunodeficiency viruses-1 (HIV-1), herpes simplex virus-1 (HSV-1) and herpes simplex virus-2 (HSV-2) was investigated (Supplementary Figure 2). After preincubation of virus with Angicin, ELVIS or TZM-bl cells were infected with HSV-1 and HSV-2 or HIV-1, respectively. Two days post infection, infection rates were determined, demonstrating that Angicin had no antiviral activity (Supplementary Figure 2). Furthermore, antifungal activity was investigated. Angicin did not influence the viability of planktonic Candida albicans, Candida auris, and Candida parapsilosis cells (Supplementary Figure 3). To sum up, Angicin is a potent antibacterial peptide, but it has neither an antiviral nor an antifungal activity.



Angicin cytotoxicity

In a SYTOX Green permeabilization assay it has previously been shown that Angicin destroys bacterial cell membranes (Vogel et al., 2021). However, the interaction of Angicin with isolated lipid bilayers has not been studied. To investigate whether Angicin damages the cellular membranes of eukaryotic cells, a liposome leakage assay was performed. Liposomes derived from eukaryotic cells were incubated with different Angicin concentrations, ranging from 12.5 to 100 μg/ml. Angicin did not cause membrane leakage at concentrations of up to 50 μg/ml and only resulted in a modest leakage as compared to background at 100 μg/ml (Figure 6A). As a control, eukaryotic cells were incubated with the cytotoxic AMP LL-37 (Gudmundsson et al., 1996; Svensson et al., 2017). Here, a clear cytotoxic effect on cells can be observed (Figure 6B). Additionally, cytotoxicity assays were performed on monocytic THP-1 cells, Vero E6, ELVIS and TZM-bl cells. Measurement of metabolic activity by a Resazurin assay (THP-1) showed no significantly reduced cell viability when compared to untreated cells (Figure 6C). Similarly, Angicin at concentration of up to 40 μg/ml had no significant effect on metabolic activity in Vero E6, ELVIS and TZM-bl cells, which were analyzed by MTT assay (Supplementary Figure 4). Taken together, this data demonstrates that Angicin is not cytotoxic.
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FIGURE 6
Effect of Angicin on liposomes and cellular metabolic activity. For liposomes derived from eukaryotic cells baseline fluorescence was measured once per minute for 5 min. Subsequently, Angicin (A) or the AMP LL-37 (B) was added at indicated concentrations and fluorescence increase (indicating membrane rupture) was recorded every minute for 30 min. Triton X-100 was added at a final concentration of 2% to induce total lysis. Background signal was subtracted (signal of liposome prior to addition of compounds) and normalized to fluorescent signal achieved in each well after complete liposome leakage induced by addition of 2% (v/v) Triton X-100. Depicted is the mean ± standard deviation. Three independent experiments were performed. (C) Monocytic THP-1 cell were incubated for 24 h with the indicated Angicin concentrations. Afterward the metabolic activity of cells was measured with a Resazurin assay. A treatment with Triton X was used as a positive control and untreated cells as negative control. A Mann-Whitney-U-test was conducted to test for significant differences. Depicted are mean and standard deviation of five independent experiments each performed in triplicate.





Discussion

While S. anginosus is commonly found as a commensal of mucosal membranes, it can also cause severe invasive infections such as brain abscesses, bacteremia and respiratory infections. Angicin is the first identified and characterized bacteriocin of S. anginosus (Vogel et al., 2021). It is active against multiple Gram positive bacteria including other S. anginosus strains and various streptococcal species as well as listeria and VRE (Vogel et al., 2021). Due to this wide spectrum of activity, Angicin is an interesting candidate for clinical applications. This study demonstrates that synthetic Angicin is a potent antibacterial agent. In liquid cultures, 1.56 μg/ml Angicin reduce viable cells to under 1% within 30 min (Figure 1), illustrating not only a high potency but also a fast mechanism of action. The fast mechanism of action of Angicin is further confirmed by the liposome assay, which shows an immediate leakage of fluorescent dye following Angicin exposure (Figure 3). This could be observed for liposomes resembling virus like membranes and MRSA lipid extracts. Interestingly, in previous experiments MRSA was not sensitive toward Angicin (Vogel et al., 2021), while MRSA derived liposomes are highly susceptible to membrane damage caused by Angicin. A possible explanation is, that during the experimental procedure only lipids, but not the peptidoglycan layer is extracted, which may be rendering the produced liposomes more sensitive toward membrane disrupting agents. It is possible, that in the absence of peptidoglycan layers, the electrostatic interaction between cationic Angicin and the negatively charged membrane is sufficient for Angicin to insert into the membrane and form a pore. Gram negative species are less effected, since they only harbor a thin peptidoglycan layer. It needs to be highlighted that MRSA derived liposomes are not a perfect representation of a MRSA bacterial cell, which might further explain the differences in susceptibility.

AMPs can target bacteria through various mechanisms, including disruption of membrane integrity, interaction with intracellular targets or indirectly by modulating host defense systems (Mahlapuu et al., 2016). The most probable mechanism of action for Angicin is pore formation, which is characterized by leakage of ions and metabolites. This causes a disruption of membrane potential, intracellular pH homeostasis and proton motive force, ultimately leading to cell death (Christensen and Hutkins, 1992; Minahk et al., 2000). Pore formation caused by Angicin was previously indicated by a SYTOX Green membrane permeabilization assay (Vogel et al., 2021) and was here further substantiated by liposome leakage assays as well as a pHluorin assay. Here, the pH-sensitive GFP-derivate pHluorin2 is used to monitor intracellular pH of L. monocytogenes, which allows indirect determination of membrane integrity (Reich et al., 2022). In the pHluorin assay, Angicin was as active as Nisin, which is a bacteriocin known for its pore forming capabilities (Wiedemann et al., 2004). The pHluorin-assay showed that concentrations of 2.5 μg/ml were sufficient to completely perforate L. monocytogenes cells (Figure 2). In contrast, for the SYTOX Green membrane permeabilization assay the tenfold Angicin concentration was required to measure membrane disruption (Vogel et al., 2021). The pHluorin-assay is a sensitive tool to measure membrane disruption and the results demonstrate that Angicin is a potent antibacterial agent with activity in the nanomolar range.

Many bacteriocins utilize a receptor for efficient killing of target cells. The Man-PTS has been identified previously as a receptor for streptococcal bacteriocins and may thus also represent the target of Angicin (Hossain and Biswas, 2012; Oftedal et al., 2021; Vogel et al., 2021). A first hint in this direction is that organisms like staphylococci, Bacillus subtilis and Candida albicans that are insensitive toward Angicin do not harbor a Man-PTS system (Tymoszewska et al., 2017). In viruses and in eukaryotic membranes the Man-PTS is absent as well, explaining their insensitivity toward Angicin. Furthermore, a deletion in mptD gene rendered L. monocytogenes cells insensitive toward S. anginosus BSU 1211 in our experiments (Figure 4). This deletion of 28 amino acids (219–246) occurred in the gamma loop of subunit IID (Dalet et al., 2001). In line with this, the mptD mutant also showed increased resistance toward synthetic Angicin, supporting the interpretation that the Man-PTS is the receptor for Angicin. The mptD gene encodes for the subunit IID of the Man-PTS, which all in all consists of four subunits. Subunits IIA and IIB are intracellular and IIC and IID are localized in the membrane. The Man-PTS is recognized as the receptor for especially class II bacteriocins including for example pediocin PA-1 isolated from Pediococcus acidilactici (class IIa), mesentericin Y105 from Leuconostoc mesenteroides (class IIa), Garvicin Q from Lactobacillus garvieae (class IId) and class IIe bacteriocin microcin MccE492 from Klebsiella pneumoniae (Dalet et al., 2001; Ramnath et al., 2004; Biéler et al., 2010; Tymoszewska et al., 2018; Jeckelmann and Erni, 2020). For inhibition by bacteriocins subunits IIC and IID are important (Dalet et al., 2001; Ramnath et al., 2004; Tymoszewska et al., 2018, 2020). For example, class IIa bacteriocins inhibit various species, including listeria, lactobacilli and enterococci but not lactococci (Kjos et al., 2009). The activity of these peptides is dependent on a single extracellular loop of subunit IIC (Kjos et al., 2010). In contrast, class IId bacteriocins like Lactococcin A inhibit Lactococcus lactis strains, and for its species-specific activity both the subunit IIC and IID are needed (Holo et al., 1991; Diep et al., 2007). The activity of the class IId bacteriocins BacSJ and Garvicin Q also depends on subunits IIC and IID. Garvicin Q resistant mutants either expressed a prematurely truncated subunit IIC or IID or contained missense mutations in one of these subunits (subunit IIC: Pro100 → His, subunit IID: Thr123 → Ile and Pro111 → Ser) (Tymoszewska et al., 2017). Furthermore, six different missense mutations in either the subunit IIC (Gly62→Val) or IID (Pro123 →His, Arg200→His, Leu83→Phe, Phe226→Ser, Leu197→Phe) led to an at least eightfold decreased sensitivity of L. lactis toward BacSJ. Many of these L. lactis mutants also showed increased resistance toward Garvicin Q (Tymoszewska et al., 2020). However, the mutant carrying the Leu83→Phe mutation showed no altered sensitivity toward Garvicin Q. This indicates that different bacteriocins utilize different amino acids for an efficient interaction with the Man-PTS. Additionally, bacteriocins targeting the Man-PTS show different spectra of activity and have distinct amino acid sequences, giving further support to the theory of a differential interaction of the different bacteriocins with the Man-PTS (Holo et al., 1991; Ramnath et al., 2004; Tymoszewska et al., 2018, 2020). Thus, explaining why L. monocytogenesΔmptD is still affected by Angicin. By deleting these 28 amino acids of subunit IID an interaction between the Man-PTS and Angicin is disturbed, but Angicin might still be able to interact with amino acids outside of the deleted region. As another explanation Angicin may bind to both subunits, IID and IIC. Subunit IIC is not affected by the deletion in L. monocytogenesΔmptD and an interaction with Angicin may still be possible. This interaction would then be less efficient, leading to reduced inhibition zones. Even though the role of Man-PTS as a receptor for various bacteriocins is well established, the exact mechanism of action remains to be elucidated. Currently, two models for pore formation exist (Ríos Colombo et al., 2018). Either the pore is formed by the bacteriocins themselves after an initial docking to the Man-PTS as it is proposed for Enterocin CRL35 or the bacteriocin binds to the Man-PTS and thereby induces structural changes of subunit IIC leading to an opening of the intrinsic pore as it is proposed for Garvicin Q (Barraza et al., 2017; Tymoszewska et al., 2018; Farizano et al., 2019).

Membrane disrupting bacteriocins may display cytotoxicity against human cell lines, limiting future applications as antimicrobial agents. Therefore, Angicin cytotoxicity toward eukaryotic cells was determined, but could not be detected (Figure 6 and Supplementary Figure 4). The virus membrane is closely related to eukaryotic membranes (Lenard and Compans, 1974); thus, it makes sense that in the liposome leakage assay also virus like particles show a high resistance toward Angicin induced leakage. In eukaryotic cells as well as in virus like particles the here identified receptor, the Man-PTS, is not present, explaining the low susceptibility of these cells toward Angicin.

To sum up, Angicin is a potent antibacterial peptide that forms pores in its target cells and uses the Man-PTS system as a receptor, which is a novel finding. It displays a strong antimicrobial activity against various Gram-positive bacterial pathogens, based on a rapid disruption of bacterial membranes, while eukaryotic membranes remain undamaged.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

VV and BS designed the study and analyzed the data. MJ performed survival assay experiments under the supervision of VV. L-RO conducted liposome leakage assays, viral infection assay, and cytotoxicity assays under the supervision of JM. MH analyzed the antifungal activity of Angicin under the supervision of A-KK and FR. VV conducted radial diffusion assays and cytotoxicity assays of THP-1 cells and wrote the manuscript. VV performed the pHluorin-assay under the supervision of SR and CR. BS reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

JM and BS were supported by the German Research Foundation (DFG) within the CRC 1279. SR was funded by a grant from the German Ministry for Education and Research to CUR (Grant No. 031B0826A) within the AMPLIFY consortium. FR was supported by the DFG (Project No. 465229237).



Acknowledgments

VV and L-RO thank the International Graduate School in Molecular Medicine Ulm for the support.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.991145/full#supplementary-material


Footnotes

1     http://www.ncbi.nlm.nih.gov/


References

Abdulhussain Kareem, R., and Razavi, S. H. (2020). Plantaricin bacteriocins: As safe alternative antimicrobial peptides in food preservation—A review. J. Food Saf. 40:e12735. doi: 10.1111/jfs.12735

Al Kassaa, I., Hober, D., Hamze, M., Chihib, N. E., and Drider, D. (2014). Antiviral Potential of Lactic Acid Bacteria and Their Bacteriocins. Probiotics Antimicrob. Proteins 6, 177–185. doi: 10.1007/s12602-014-9162-6

Alvarez-Sieiro, P., Montalbán-López, M., Mu, D., and Kuipers, O. P. (2016). Bacteriocins of lactic acid bacteria: Extending the family. Appl. Microbiol. Biotechnol. 100, 2939–2951. doi: 10.1007/s00253-016-7343-9

Barbour, A., Philip, K., and Muniandy, S. (2013). Enhanced production, purification, characterization and mechanism of action of salivaricin 9 lantibiotic produced by Streptococcus salivarius NU10. PloS One 8:e77751. doi: 10.1371/journal.pone.0077751

Barraza, D. E., Ríos Colombo, N. S., Galván, A. E., Acuña, L., Minahk, C. J., Bellomio, A., et al. (2017). New insights into enterocin CRL35: Mechanism of action and immunity revealed by heterologous expression in Escherichia coli: Effect of EtpM-Enterocin CRL35 Probe on Escherichia coli. Mol. Microbiol. 105, 922–933. doi: 10.1111/mmi.13746

Bauer, R., Neffgen, N., Grempels, A., Furitsch, M., Mauerer, S., Barbaqadze, S., et al. (2020). Heterogeneity of Streptococcus anginosus ß-hemolysis in relation to CRISPR/Cas. Mol. Oral Microbiol. 35, 56–65. doi: 10.1111/omi.12278

Bécavin, C., Bouchier, C., Lechat, P., Archambaud, C., Creno, S., Gouin, E., et al. (2014). Comparison of Widely Used Listeria monocytogenes Strains EGD, 10403S, and EGD-e Highlights Genomic Differences Underlying Variations in Pathogenicity. mBio 5:e969–e914. doi: 10.1128/mBio.00969-14

Biéler, S., Silva, F., and Belin, D. (2010). The polypeptide core of Microcin E492 stably associates with the mannose permease and interferes with mannose metabolism. Res. Microbiol. 161, 706–710. doi: 10.1016/j.resmic.2010.07.003

Breukink, E., Wiedemann, I., Kraaij, C., van Kuipers, O. P., Sahl, H.-G., and de Kruijff, B. (1999). Use of the Cell Wall Precursor Lipid II by a Pore-Forming Peptide Antibiotic. Science 286, 2361–2364. doi: 10.1126/science.286.5448.2361

Chikindas, M. L., Weeks, R., Drider, D., Chistyakov, V. A., and Dicks, L. M. (2018). Functions and emerging applications of bacteriocins. Curr. Opin. Biotechnol. 49, 23–28. doi: 10.1016/j.copbio.2017.07.011

Christensen, D. P., and Hutkins, R. W. (1992). Collapse of the proton motive force in Listeria monocytogenes caused by a bacteriocin produced by Pediococcus acidilactici. Appl. Environ. Microbiol. 58, 3312–3315. doi: 10.1128/aem.58.10.3312-3315.1992

Cotter, P. D. (2014). An ‘Upp’-turn in bacteriocin receptor identification: Identifying bacteriocin receptors. Mol. Microbiol. 92, 1159–1163. doi: 10.1111/mmi.12645

Crauwels, P., Schäfer, L., Weixler, D., Bar, N. S., Diep, D. B., Riedel, C. U., et al. (2018). Intracellular pHluorin as Sensor for Easy Assessment of Bacteriocin-Induced Membrane-Damage in Listeria monocytogenes. Front. Microbiol. 9:3038. doi: 10.3389/fmicb.2018.03038

Daba, G. M., and Elkhateeb, W. A. (2020). Bacteriocins of lactic acid bacteria as biotechnological tools in food and pharmaceuticals: Current applications and future prospects. Biocatal. Agric. Biotechnol. 28:101750. doi: 10.1016/j.bcab.2020.101750

Dalet, K., Cossart, P., Cenatiempo, Y., and Héchard, Y. (2001). A σ54-dependent PTS permease of the mannose family is responsible for sensitivity of Listeria monocytogenes to mesentericin Y105. Microbiology 147, 3263–3269. doi: 10.1099/00221287-147-12-3263

de Souza de Azevedo, P. O., Mendonça, C. M. N., Moreno, A. C. R., Bueno, A. V. I., de Almeida, S. R. Y., Seibert, L., et al. (2020). Antibacterial and antifungal activity of crude and freeze-dried bacteriocin-like inhibitory substance produced by Pediococcus pentosaceus. Sci. Rep. 10:12291. doi: 10.1038/s41598-020-68922-2

Dehghanifar, S., Keyhanfar, M., and Emtiazi, G. (2019). Production and partial purification of thermostable bacteriocins from Bacillus pumilus ZED17 and DFAR8 strains with antifungal activity. Mol. Biol. Res. Commun. 8, 41–49. doi: 10.22099/mbrc.2019.31563.1367

Diep, D. B., Skaugen, M., Salehian, Z., Holo, H., and Nes, I. F. (2007). Common mechanisms of target cell recognition and immunity for class II bacteriocins. Proc. Natl. Acad. Sci.U.S.A. 104, 2384–2389. doi: 10.1073/pnas.0608775104

Duraisamy, S., Balakrishnan, S., Ranjith, S., Husain, F., Sathyan, A., Peter, A. S., et al. (2020). Bacteriocin—a potential antimicrobial peptide towards disrupting and preventing biofilm formation in the clinical and environmental locales. Environ. Sci. Pollut. Res. 27, 44922–44936. doi: 10.1007/s11356-020-10989-5

Farizano, J. V., Masías, E., Hsu, F.-F., Salomón, R. A., Freitag, N. E., Hebert, E. M., et al. (2019). PrfA activation in Listeria monocytogenes increases the sensitivity to class IIa bacteriocins despite impaired expression of the bacteriocin receptor. Biochim. Biophys. Acta BBA - Gen. Subj. 1863, 1283–1291. doi: 10.1016/j.bbagen.2019.04.021

Folch, J., Lees, M., and Sloane Stanley, G. H. (1957). A simple method for the isolation and purification of total lipides from animal tissues. J. Biol. Chem. 226, 497–509.

González-García, M., Morales-Vicente, F., Pico, E. D., Garay, H., Rivera, D. G., Grieshober, M., et al. (2021). Antimicrobial Activity of Cyclic-Monomeric and Dimeric Derivatives of the Snail-Derived Peptide Cm-p5 against Viral and Multidrug-Resistant Bacterial Strains. Biomolecules 11:745. doi: 10.3390/biom11050745

Gudmundsson, G. H., Agerberth, B., Odeberg, J., Bergman, T., Olsson, B., and Salcedo, R. (1996). The Human Gene FALL39 and Processing of the Cathelin Precursor to the Antibacterial Peptide LL-37 in Granulocytes. Eur. J. Biochem. 238, 325–332. doi: 10.1111/j.1432-1033.1996.0325z.x

Heilbronner, S., Krismer, B., Brötz-Oesterhelt, H., and Peschel, A. (2021). The microbiome-shaping roles of bacteriocins. Nat. Rev. Microbiol. 19, 726–739. doi: 10.1038/s41579-021-00569-w

Hertzog, B. B., Kaufman, Y., Biswas, D., Ravins, M., Ambalavanan, P., Wiener, R., et al. (2018). A Sub-population of Group A Streptococcus Elicits a Population-wide Production of Bacteriocins to Establish Dominance in the Host. Cell Host Microbe 23:312-323.e6. doi: 10.1016/j.chom.2018.02.002

Holch, A., Bauer, R., Olari, L.-R., Rodriguez, A. A., Ständker, L., Preising, N., et al. (2020). Respiratory ß-2-Microglobulin exerts pH dependent antimicrobial activity. Virulence 11, 1402–1414. doi: 10.1080/21505594.2020.1831367

Holo, H., Nilssen, O., and Nes, I. F. (1991). Lactococcin A, a new bacteriocin from Lactococcus lactis subsp. cremoris: Isolation and characterization of the protein and its gene. J. Bacteriol. 173, 3879–3887. doi: 10.1128/jb.173.12.3879-3887.1991

Hossain, M. S., and Biswas, I. (2012). SMU.152 Acts as an Immunity Protein for Mutacin IV. J. Bacteriol. 194, 3486–3494. doi: 10.1128/JB.00194-12

Hu, X.-Y., Logue, M., and Robinson, N. (2020). Antimicrobial resistance is a global problem – a UK perspective. Eur. J. Integr. Med. 36:101136. doi: 10.1016/j.eujim.2020.101136

Iwatani, S., Zendo, T., Yoneyama, F., Nakayama, J., and Sonomoto, K. (2007). Characterization and Structure Analysis of a Novel Bacteriocin, Lacticin Z, Produced by Lactococcus lactis QU 14. Biosci. Biotechnol. Biochem. 71, 1984–1992. doi: 10.1271/bbb.70169

Jeckelmann, J.-M., and Erni, B. (2020). The mannose phosphotransferase system (Man-PTS) - Mannose transporter and receptor for bacteriocins and bacteriophages. Biochim. Biophys. Acta BBA - Biomembr. 1862:183412. doi: 10.1016/j.bbamem.2020.183412

Jiang, S., Li, M., Fu, T., Shan, F., Jiang, L., and Shao, Z. (2020). Clinical Characteristics of Infections Caused by Streptococcus Anginosus Group. Sci. Rep. 10:9032. doi: 10.1038/s41598-020-65977-z

Joo, N. E., Ritchie, K., Kamarajan, P., Miao, D., and Kapila, Y. L. (2012). Nisin, an apoptogenic bacteriocin and food preservative, attenuates HNSCC tumorigenesis via CHAC 1. Cancer Med. 1, 295–305. doi: 10.1002/cam4.35

Kim, S. W., Kang, S. I., Shin, D. H., Oh, S. Y., Lee, C. W., Yang, Y., et al. (2020). Potential of Cell-Free Supernatant from Lactobacillus plantarum NIBR97, Including Novel Bacteriocins, as a Natural Alternative to Chemical Disinfectants. Pharmaceuticals 13:266. doi: 10.3390/ph13100266

Kjos, M., Nes, I. F., and Diep, D. B. (2009). Class II one-peptide bacteriocins target a phylogenetically defined subgroup of mannose phosphotransferase systems on sensitive cells. Microbiology 155, 2949–2961. doi: 10.1099/mic.0.030015-0

Kjos, M., Salehian, Z., Nes, I. F., and Diep, D. B. (2010). An Extracellular Loop of the Mannose Phosphotransferase System Component IIC Is Responsible for Specific Targeting by Class IIa Bacteriocins. J. Bacteriol. 192, 5906–5913. doi: 10.1128/JB.00777-10

Kobo, O., Nikola, S., Geffen, Y., and Paul, M. (2017). The pyogenic potential of the different Streptococcus anginosus group bacterial species: Retrospective cohort study. Epidemiol. Infect. 145, 3065–3069. doi: 10.1017/S0950268817001807

Kumariya, R., Garsa, A. K., Rajput, Y. S., Sood, S. K., Akhtar, N., and Patel, S. (2019). Bacteriocins: Classification, synthesis, mechanism of action and resistance development in food spoilage causing bacteria. Microb. Pathog. 128, 171–177. doi: 10.1016/j.micpath.2019.01.002

Laupland, K. B., Ross, T., Church, D. L., and Gregson, D. B. (2006). Population-based surveillance of invasive pyogenic streptococcal infection in a large Canadian region. Clin. Microbiol. Infect. 12, 224–230. doi: 10.1111/j.1469-0691.2005.01345.x

Lenard, J., and Compans, R. W. (1974). The membrane structure of lipid-containing viruses. Biochim. Biophys. Acta BBA - Rev. Biomembr. 344, 51–94. doi: 10.1016/0304-4157(74)90008-2

Mahlapuu, M., Håkansson, J., Ringstad, L., and Björn, C. (2016). Antimicrobial Peptides: An Emerging Category of Therapeutic Agents. Front. Cell. Infect. Microbiol. 6:194. doi: 10.3389/fcimb.2016.00194

Mahon, M. J. (2011). pHluorin2: An enhanced, ratiometric, pH-sensitive green florescent protein. Adv. Biosci. Biotechnol. 02, 132–137. doi: 10.4236/abb.2011.23021

Małaczewska, J., Kaczorek-Łukowska, E., Wójcik, R., Rêkawek, W., and Siwicki, A. K. (2019). In vitro immunomodulatory effect of nisin on porcine leucocytes. J. Anim. Physiol. Anim. Nutr. 103, 882–893. doi: 10.1111/jpn.13085

McAuliffe, O., Ryan, M. P., Ross, R. P., Hill, C., Breeuwer, P., and Abee, T. (1998). Lacticin 3147, a Broad-Spectrum Bacteriocin Which Selectively Dissipates the Membrane Potential. Appl. Environ. Microbiol. 64, 439–445. doi: 10.1128/AEM.64.2.439-445.1998

McGrath, S., Fitzgerald, G. F., and van Sinderen, D. (2001). Improvement and Optimization of Two Engineered Phage Resistance Mechanisms in Lactococcus lactis. Appl. Environ. Microbiol. 67, 608–616. doi: 10.1128/AEM.67.2.608-616.2001

Minahk, C. J., Farías, M. E., Sesma, F., and Morero, R. D. (2000). Effect of Enterocin CRL35 on Listeria monocytogenes cell membrane. FEMS Microbiol. Lett. 192, 79–83. doi: 10.1111/j.1574-6968.2000.tb09362.x

Moll, G. N., Konings, W. N., and Driessen, A. J. (1999). Bacteriocins: Mechanism of membrane insertion and pore formation. Antonie Van Leeuwenhoek 76, 185–198.

Münch, J., Rücker, E., Ständker, L., Adermann, K., Goffinet, C., Schindler, M., et al. (2007). Semen-Derived Amyloid Fibrils Drastically Enhance HIV Infection. Cell 131, 1059–1071. doi: 10.1016/j.cell.2007.10.014

Negash, A. W., and Tsehai, B. A. (2020). Current Applications of Bacteriocin. Int. J. Microbiol. 2020, 1–7. doi: 10.1155/2020/4374891

Oftedal, T. F., Ovchinnikov, K. V., Hestad, K. A., Goldbeck, O., Porcellato, D., Narvhus, J., et al. (2021). Ubericin K, a New Pore-Forming Bacteriocin Targeting mannose-PTS. Microbiol. Spectr. 9:e299–e221. doi: 10.1128/Spectrum.00299-21

Ovchinnikov, K. V., Kranjec, C., Thorstensen, T., Carlsen, H., and Diep, D. B. (2020). Successful Development of Bacteriocins into Therapeutic Formulation for Treatment of MRSA Skin Infection in a Murine Model. Antimicrob. Agents Chemother. 64:e829–e820. doi: 10.1128/AAC.00829-20

Perez, R. H., Zendo, T., and Sonomoto, K. (2014). Novel bacteriocins from lactic acid bacteria (LAB): Various structures and applications. Microb. Cell Factories 13:S3. doi: 10.1186/1475-2859-13-S1-S3

Poole, P. M., and Wilson, G. (1979). Occurrence and cultural features of Streptococcus milleri in various body sites. J. Clin. Pathol. 32, 764–768. doi: 10.1136/jcp.32.8.764

Proffitt, M. R., and Schindler, S. A. (1995). Rapid detection of HSV with an enzyme-linked virus inducible systemTM (ELVISTM) employing a genetically modified cell line. Clin. Diagn. Virol. 4, 175–182. doi: 10.1016/0928-0197(95)00011-V

Ramnath, M., Arous, S., Gravesen, A., Hastings, J. W., and Héchard, Y. (2004). Expression of mptC of Listeria monocytogenes induces sensitivity to class IIa bacteriocins in Lactococcus lactis. Microbiology 150, 2663–2668. doi: 10.1099/mic.0.27002-0

Rea, M. C., Dobson, A., O’Sullivan, O., Crispie, F., Fouhy, F., Cotter, P. D., et al. (2011). Effect of broad- and narrow-spectrum antimicrobials on Clostridium difficile and microbial diversity in a model of the distal colon. Proc. Natl. Acad. Sci.U.S.A. 108, 4639–4644. doi: 10.1073/pnas.1001224107

Rea, M. C., Sit, C. S., Clayton, E., O’Connor, P. M., Whittal, R. M., Zheng, J., et al. (2010). Thuricin CD, a posttranslationally modified bacteriocin with a narrow spectrum of activity against Clostridium difficile. Proc. Natl. Acad. Sci. U.S.A. 107, 9352–9357. doi: 10.1073/pnas.0913554107

Reich, S. J., Stohr, J., Goldbeck, O., Fendrich, B., Crauwels, P., and Riedel, C. U. (2022). Improved fluorescent Listeria spp. biosensors for analysis of antimicrobials by flow cytometry. Microbiol Open 11:e1304. doi: 10.1002/mbo3.1304

Reissmann, S., Friedrichs, C., Rajkumari, R., Itzek, A., Fulde, M., Rodloff, A. C., et al. (2010). Contribution of Streptococcus anginosus to infections caused by groups C and G streptococci, southern India. Emerg. Infect. Dis. 16, 656–663. doi: 10.3201/eid1604.090448

Ríos Colombo, N. S., Chalón, M. C., Navarro, S. A., and Bellomio, A. (2018). Pediocin-like bacteriocins: New perspectives on mechanism of action and immunity. Curr. Genet. 64, 345–351. doi: 10.1007/s00294-017-0757-9

Rodríguez, J. M., Martínez, M. I., and Kok, J. (2002). Pediocin PA-1, a Wide-Spectrum Bacteriocin from Lactic Acid Bacteria. Crit. Rev. Food Sci. Nutr. 42, 91–121. doi: 10.1080/10408690290825475

Taylor, J. M., Lin, E., Susmarski, N., Yoon, M., Zago, A., Ware, C. F., et al. (2007). Alternative entry receptors for herpes simplex virus and their roles in disease. Cell Host Microbe 2, 19–28. doi: 10.1016/j.chom.2007.06.005

Sibley, C. D., Grinwis, M. E., Field, T. R., Parkins, M. D., Norgaard, J. C., Gregson, D. B., et al. (2010). McKay agar enables routine quantification of the ‘Streptococcus milleri’ group in cystic fibrosis patients. J. Med. Microbiol. 59, 534–540. doi: 10.1099/jmm.0.016592-0

Silva, C. C. G., Silva, S. P. M., and Ribeiro, S. C. (2018). Application of Bacteriocins and Protective Cultures in Dairy Food Preservation. Front. Microbiol. 9:594. doi: 10.3389/fmicb.2018.00594

Simoni, R. D., Roseman, S., and Saier, M. H. (1976). Sugar transport. Properties of mutant bacteria defective in proteins of the phosphoenolpyruvate: Sugar phosphotransferase system. J. Biol. Chem. 251, 6584–6597. doi: 10.1016/S0021-9258(17)32987-3

Soto, C., Padilla, C., and Lobos, O. (2017). Mutacins and bacteriocins like genes in Streptococcus mutans isolated from participants with high, moderate, and low salivary count. Arch. Oral Biol. 74, 1–4. doi: 10.1016/j.archoralbio.2016.10.036

Svensson, D., Lagerstedt, J. O., Nilsson, B.-O., and Del Giudice, R. (2017). Apolipoprotein A-I attenuates LL-37-induced endothelial cell cytotoxicity. Biochem. Biophys. Res. Commun. 493, 71–76. doi: 10.1016/j.bbrc.2017.09.072

Tong, Z., Ni, L., and Ling, J. (2014). Antibacterial peptide nisin: A potential role in the inhibition of oral pathogenic bacteria. Peptides 60, 32–40. doi: 10.1016/j.peptides.2014.07.020

Tosukhowong, A., Zendo, T., Visessanguan, W., Roytrakul, S., Pumpuang, L., Jaresitthikunchai, J., et al. (2012). Garvieacin Q, a Novel Class II Bacteriocin from Lactococcus garvieae BCC 43578. Appl. Environ. Microbiol. 78, 1619–1623. doi: 10.1128/AEM.06891-11

Tymoszewska, A., Diep, D. B., and Aleksandrzak-Piekarczyk, T. (2018). The extracellular loop of Man-PTS subunit IID is responsible for the sensitivity of Lactococcus garvieae to garvicins A. B and C. Sci. Rep. 8:15790. doi: 10.1038/s41598-018-34087-2

Tymoszewska, A., Diep, D. B., Wirtek, P., and Aleksandrzak-Piekarczyk, T. (2017). The Non-Lantibiotic Bacteriocin Garvicin Q Targets Man-PTS in a Broad Spectrum of Sensitive Bacterial Genera. Sci. Rep. 7:8359. doi: 10.1038/s41598-017-09102-7

Tymoszewska, A., Walczak, P., and Aleksandrzak-Piekarczyk, T. (2020). BacSJ—Another Bacteriocin with Distinct Spectrum of Activity that Targets Man-PTS. Int. J. Mol. Sci. 21:7860. doi: 10.3390/ijms21217860

van Belkum, M. J., Kok, J., Venema, G., Holo, H., Nes, I. F., Konings, W. N., et al. (1991). The bacteriocin lactococcin A specifically increases permeability of lactococcal cytoplasmic membranes in a voltage-independent, protein-mediated manner. J. Bacteriol. 173, 7934–7941. doi: 10.1128/jb.173.24.7934-7941.1991

Vasilchenko, A. S., and Valyshev, A. V. (2019). Pore-forming bacteriocins: Structural–functional relationships. Arch. Microbiol. 201, 147–154. doi: 10.1007/s00203-018-1610-3

Vogel, V., Bauer, R., Mauerer, S., Schiffelholz, N., Haupt, C., Seibold, G. M., et al. (2021). Angicin, a novel bacteriocin of Streptococcus anginosus. Sci. Rep. 11:24377. doi: 10.1038/s41598-021-03797-5

Vogel, V., and Spellerberg, B. (2021). Bacteriocin Production by Beta-Hemolytic Streptococci. Pathog. Basel Switz. 10:867. doi: 10.3390/pathogens10070867

Walsh, L., Johnson, C. N., Hill, C., and Ross, R. P. (2021). Efficacy of Phage- and Bacteriocin-Based Therapies in Combatting Nosocomial MRSA Infections. Front. Mol. Biosci. 8:654038. doi: 10.3389/fmolb.2021.654038

Wei, X., Decker, J. M., Liu, H., Zhang, Z., Arani, R. B., Kilby, J. M., et al. (2002). Emergence of Resistant Human Immunodeficiency Virus Type 1 in Patients Receiving Fusion Inhibitor (T-20) Monotherapy. Antimicrob. Agents Chemother. 46, 1896–1905. doi: 10.1128/AAC.46.6.1896-1905.2002

Weil, T., Groß, R., Röcker, A., Bravo-Rodriguez, K., Heid, C., Sowislok, A., et al. (2020). Supramolecular Mechanism of Viral Envelope Disruption by Molecular Tweezers. J. Am. Chem. Soc. 142, 17024–17038. doi: 10.1021/jacs.0c06400

Whiley, R. A., Beighton, D., Winstanley, T. G., Fraser, H. Y., and Hardie, J. M. (1992). Streptococcus intermedius, Streptococcus constellatus, and Streptococcus anginosus (the Streptococcus milleri group): Association with different body sites and clinical infections. J. Clin. Microbiol. 30, 243–244. doi: 10.1128/jcm.30.1.243-244.1992

Wiedemann, I., Benz, R., and Sahl, H.-G. (2004). Lipid II-Mediated Pore Formation by the Peptide Antibiotic Nisin: A Black Lipid Membrane Study. J. Bacteriol. 186, 3259–3261. doi: 10.1128/JB.186.10.3259-3261.2004

Zetzmann, M., Okshevsky, M., Endres, J., Sedlag, A., Caccia, N., Auchter, M., et al. (2015). DNase-Sensitive and -Resistant Modes of Biofilm Formation by Listeria monocytogenes. Front. Microbiol. 6:1428. doi: 10.3389/fmicb.2015.01428









 


	
	
TYPE Original Research
PUBLISHED 08 September 2022
DOI 10.3389/fmicb.2022.1000822






Antimicrobial activity of bovine lactoferrin against Gardnerella species clinical isolates

Alessandra Pino1,2, Tommaso Mazza3, Maura-Ann H. Matthews4, Stefano Castellana3, Cinzia Caggia1,2, Cinzia L. Randazzo1,2* and Gary A. Gelbfish4,5


1Department of Agricultural, Food and Environment, University of Catania, Catania, Italy

2ProBioEtna s.r.l., Spin-off of University of Catania, Catania, Italy

3Bioinformatics Unit, Fondazione IRCCS Casa Sollievo della Sofferenza, San Giovanni Rotondo, Italy

4Metrodora Therapeutics LLC, Brooklyn, NY, United States

5Department of Surgery, Mount Sinai School of Medicine, New York, NY, United States

[image: image2]

OPEN ACCESS

EDITED BY
 Matthew Gavino Donadu, University of Sassari, Italy

REVIEWED BY
 António Machado, Universidad San Francisco de Quito, Ecuador
 Jianhua Wang, Chinese Academy of Agricultural Sciences, China
 David Leitsch, Medical University of Vienna, Austria
 Daniela Marlene Da Silva Machado, Universidade Católica Portuguesa, Portugal

*CORRESPONDENCE
 Cinzia L. Randazzo, cranda@unict.it 

SPECIALTY SECTION
 This article was submitted to Antimicrobials, Resistance and Chemotherapy, a section of the journal Frontiers in Microbiology


RECEIVED 22 July 2022
 ACCEPTED 12 August 2022
 PUBLISHED 08 September 2022

CITATION
 Pino A, Mazza T, Matthews M-AH, Castellana S, Caggia C, Randazzo CL and Gelbfish GA (2022) Antimicrobial activity of bovine lactoferrin against Gardnerella species clinical isolates. Front. Microbiol. 13:1000822. doi: 10.3389/fmicb.2022.1000822

COPYRIGHT
 © 2022 Pino, Mazza, Matthews, Castellana, Caggia, Randazzo and Gelbfish. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Gardnerella species play a key role in the development and recurrence of Bacterial Vaginosis (BV), a common imbalance of the vaginal microbiota. Because of the high rates of BV recurrence reported after treatment with standard of care antibiotics, as well as the emergence of antibiotic-resistant BV, the development of alternative treatment approaches is needed. Bovine lactoferrin, a well studied iron-binding glycoprotein with selective antimicrobial activity, may ameliorate vaginal dysbiosis either alone or in combination with antibiotics. The present study evaluated the antimicrobial resistance/susceptibility profile of seventy-one presumptive G. vaginalis clinical isolates to metronidazole and clindamycin. In addition, the in vitro antimicrobial activity of Metrodora Therapeutics bovine Lactoferrin (MTbLF) against the tested clinical isolates, both alone and in combination with metronidazole and clindamycin, was in depth evaluated using defined-iron culture conditions. All 71 presumptive G. vaginalis clinical isolates exhibited resistance to metronidazole, with MIC values greater than 256 μg/ml. Different susceptibility profiles were detected for clindamycin. In detail, the vast majority of the tested strains (45%), exhibiting MIC lower than 2 μg/ml, were considered sensitive; 18 strains (25%) with MIC higher or equal to 8 μg/ml, were classified as resistant, whereas the remaining 21 (30%) were classified as intermediate. MTbLF was tested in culture medium at different concentrations (32, 16, 8, 4, 2, 1, and 0.5 mg/ml) showing ability to inhibit the growth of the tested presumptive G. vaginalis clinical isolates, including those metronidazole-resistant, in a dose-dependent and not in a strain-dependent manner. MTbLF, at concentrations ranging from 32 to 8 mg/ml, exerted a statistically different antimicrobial activity compared with lower concentrations (4, 2, 1, and 0.5 mg/ml). A synergistic effect between MTbLF (8 and 4 mg/ml) and clindamycin was revealed for all the tested strains. When tested in the absence of other sources of iron, MTbLF did not support the growth of the tested presumptive G. vaginalis clinical isolates. Bovine lactoferrin may be a potential candidate to treat Gardnerella species infection.

KEYWORDS
 bovine lactoferrin, iron-binding glycoprotein, antimicrobial activity, synergistic activity, Gardnerella spp.


Introduction

Gardnerella vaginalis is one of the etiological factors responsible for the onset of Bacterial Vaginosis (BV), a common bacterial vaginal infection in women of reproductive age (Muzny et al., 2019; Rosca et al., 2019; Morrill et al., 2020; Vitale et al., 2021). BV is a polymicrobial disorder associated to taxon-rich and diverse bacterial communities, including not only anaerobic microorganisms but also other abnormal subtypes (Morrill et al., 2020; Vitale et al., 2021). Gardnerella vaginalis was first isolated by Leopold (1953) from urine of men with prostatitis and cervical swabs of women with cervicitis, including couples. It was described as a micro-aerophilic Gram-negative bacterium with haemolytic activity on defibrinated rabbit blood agar. Several studies highlighted the pivotal role of G. vaginalis in BV occurrence and relapse (Schwebke et al., 2014; Castro et al., 2015; Hardy et al., 2015; Abdelmaksoud et al., 2017; Jung et al., 2017). In fact, it is well demonstrated that, compared to other BV-associated species, G. vaginalis exhibits higher virulence potential and adhesion capacities along with cytotoxic effect and ability to form biofilm (Patterson et al., 2010; Machado et al., 2013; Alves et al., 2014). G. vaginalis, starting the vaginal epithelium colonization, serves as a scaffold for other BV-associated bacteria, such as Atopobium vaginae, reclassified as Fannyhessea vaginae (Swidsinski et al., 2005, 2008; Castro et al., 2015, 2019; Hardy et al., 2016; Nouioui et al., 2018). Recently, the genetic heterogeneity and taxonomic diversity among the Gardnerella species were revised by Castro and co-workers (Castro et al., 2020), confirming the inclusion of more species of Gardnerella, namely, Gardnerella leopoldii, Gardnerella piotii, and Gardnerella swidsinskii. Antibiotic administration, the current standard-of-care treatment for BV (Workowski et al., 2021), does not provide sustained cures and greater than 50 percent of women treated with antibiotics experience BV recurrent by 6 months (Sobel et al., 1993; Bradshaw et al., 2006a). Several innovative treatment options such as biofilm-disrupting agents, probiotics or other strategies to modulate the vaginal microbiome, are an active area of research (Bradshaw and Sobel, 2016; Machado et al., 2016).

Pino and co-workers (Pino et al., 2017) demonstrated the beneficial effect of vaginally administered bovine lactoferrin (bLf) as a promising therapeutic approach for BV. The primary mechanism of action of Lf appears to be via its ability to sequester iron, with high affinity (Kd 10–20), creating a bacteriostatic iron-depleted environment (Baker and Baker, 2004). While Lf’s iron-binding properties have long been known, Lf has multiple additional activities (Jenssen and Hancock, 2009) and several of these may be useful in treating BV. These include: anti-biofilm activity along with alterations in lectin-dependent bacterial adhesion and quorum-sensing activity, possibly related to iron deprivation (Ammons and Copie, 2013); antimicrobial peptide sequences on Lf’s surface that can interact with lipopolysaccharide (LPS) on the surfaces of gram-negative bacteria and lipoteichoic acid (LTA) on gram-positive bacteria, damaging bacterial cell membranes and potentiating the effectiveness of antibiotics via increasing cell permeability (Ulvatne et al., 2001); and anti-inflammatory properties when delivered intravaginally (Vesce et al., 2014; Trentini et al., 2016). Additionally Lf has antiviral (Siciliano et al., 1999) and antifungal (Kuipers et al., 1999) effects. Elevations in endogenous human lactoferrin (hLf) are reported in BV, however, a number of pathogens, including G. vaginalis (Jarosik and Land, 2000) Neisseriaceae (Biswas et al., 1999) and Helicobacter pylori (Dhaenens et al., 1997) have evolved hLF receptors that can acquire iron directly from hLF, the very mediator designed to limit iron supply. The bacterial lactoferrin binding protein B has two different sites for binding hLF, one associated with obtaining iron and the other related to protection against hLF’s antimicrobial peptides (Ostan et al., 2017). Although human and bovine lactoferrin, share some functional properties, they have only a 70% primary sequence homology (Pierce et al., 1991). As recently demonstrated, G. vaginalis strains have evolved hLF receptors allowing to acquire iron directly from hLF, whereas they are unable to bind bLF (Jarosik and Land, 2000).

Metrodora Therapeutics bovine Lactoferrin (MTbLF) is in clinical development as a vaginal suppository for the treatment and prevention of recurrence of BV. The present study analyzed the in vitro antimicrobial activity of bovine lactoferrin (MTbLF) against presumptive G. vaginalis clinical isolates both alone and in combination with the antibiotics commonly used in clinical practice, such as metronidazole and clindamycin.



Materials and methods


Isolation and identification of clinical isolates

A total of 71 presumptive G. vaginalis isolates (Supplementary Table 1) were recovered from the vagina of BV-positive patients enrolled at the Obstetrics and Gynecology Department, General Hospital G. Rodolico, University of Catania (Italy), and participated in a clinical trial approved by the local ethics committee (Comitato Etico Catania 1, Azienda Ospedaliero-Universitaria “Policlinico-Vittorio Emanuele” Catania, registration number 157/2019/PO; Pino et al., 2021). In detail, the vaginal discharge was collected from the lateral vaginal wall and the posterior vaginal fornix using a sterile synthetic cotton-tipped swab filled with Transystem Amies Medium Clear (Biolife Srl, Milan, Italy) and immediately transferred to the Laboratory of Microbiology, University of Catania, Italy. Vaginal swabs were streaked onto Gardnerella vaginalis Selective Medium (GVSM; Oxoid, Italy), and plates were incubated at 35°C for 48 h in an atmosphere containing 7% of carbon dioxide. After incubation, grey/white colonies with a diameter of 0.25–0.5 mm producing beta-haemolysis were randomly selected and Gram stained. Total genomic DNA was isolated from pure cultures using the QIAamp DNA Mini Kit (QIAGEN, Italy). For molecular identification, the primers G. vaginalis R (5′ CAG CAA TCT TTT CGC CAA CT 3′) and G. vaginalis F (5′ CGC ATC TGC TAA GGA TGT TG 3′) were used according to Knupp de Souza et al. (2016) and Menard et al. (2008). DNA from the type strains G. vaginalis ATCC 14018 and ATCC 14019 were used as positive controls.



Antimicrobial susceptibility testing

The presumptive G. vaginalis clinical isolates were tested for resistance or sensitivity to metronidazole and clindamycin following the method described by Schuyler and co-workers (2016). In detail, the tested clinical isolates grown on Nutrient broth (Oxoid, Italy), supplemented with 5% Sheep Blood (ThermoFisher Scientific, Italy), for 48 h under anaerobic conditions, were standardized to 0.5 McFarland using sterile phosphate-buffered saline (PBS) and spread onto GVSM medium. Metronidazole and clindamycin Etest® strips (Liofilchem, Italy) were applied to each plate. After 48 h of incubation in an anaerobic workstation, the MIC was identified as the lowest antibiotic concentration able to inhibit the bacterial cells growth. For both metronidazole and clindamycin, the Etest® strips covered a range of antibiotic concentrations between 0.016 and 256 μg/ml. The presumptive G. vaginalis clinical isolates were classified as sensitive (S), intermediate (I), or resistant (R) based on the breakpoints for clindamycin (S: ≤2; I:4; R:≥8) and metronidazole (S: ≤8; I:16; R:≥32) defined for anaerobic bacteria by CLSI (2012, 2016, 2020). Bacteroides fragilis ATCC 25285, Bacteroides thetaiotaomicron ATCC 29741, Clostridioides difficile AT5CC 700,057, and Eggerthella lenta ATCC 43055 were used as quality control strains according to CLSI (2020).



Culture media and growth conditions

A specific Proteose Maltose Dextrose (PMD) basal medium, containing 15 g/l of proteose peptone No. 3 (BD, Switzerland), 10 g/l of maltose (Merck Life Science, Italy), 2 g/l of dextrose (Merck Life Science, Italy), 1 g/l of Na2HPO4 (Merck Life Science, Italy), and 1 g/l of NaH2PO3·H2O (Merck Life Science, Italy), was used to perform the experiments. The medium was similar to that reported by Jarosik and co-workers (1998). To precisely quantify the iron content, the PMD medium was subjected to Chelex 100 (Biorad, Italy) resin treatment for 4–6 h at room temperature; then, the Chelex resin was removed by filtration. PMD medium was supplemented with divalent cations (magnesium sulfate 0.1 mm; calcium chloride 0.1 mm; zinc chloride 10 μm) and sterilized at 121°C for 12 min after adjusting the pH to 6.8. The PMD high iron medium was obtained by supplementing the PMD basal medium with filter-sterilized human hemoglobin (500 mg/l, Merck, Germany), whereas the PMD-FAC medium was prepared by adding ferric ammonium citrate (FAC; final concentration of 10 μg/ml which corresponds to 2.1 μg elemental iron) to the PMD basal medium.



Antimicrobial activity of bovine lactoferrin against presumptive Gardnerella vaginalis clinical isolates

The antimicrobial activity of GMP manufactured bovine lactoferrin (MTbLF, lot LLL03MAR17B6 manufactured in 2017, 98.7% purity, 15.3% Fe saturation), provided by Metrodora Therapeutics (Brooklyn, NY), was evaluated against the presumptive G. vaginalis clinical isolates 5.1, 9.4, 13.6, 14.2, 16.2, and 17.1, which were randomly chosen based on the antibiotic susceptibility data, reported in Table 1. In detail, G. vaginalis 5.1, 14.2, and 16.2 strains were classified as clindamycin resistant, showing MIC of 24, 16, and > 256 μg/ml, respectively. G. vaginalis 9.4 and 13.6 strains, with MIC values of 0.38 and 0.047 μg/ml, were considered clindamycin sensitive, whereas the G. vaginalis 17.1 strain, showing MIC of 4 μg/ml, was categorized as intermediate. All the aforementioned strains were classified as metronidazole resistant.



TABLE 1 Antibiotic susceptibility profile exhibited by the seventy-one (71) presumptive Gardnerella vaginalis clinical isolates against clindamycin.
[image: Table1]

The Minimum Inhibitory Concentration (MIC) of MTbLF was determined following the macro dilution broth method suggested by the Clinical and Laboratory Standards Institute (CLSI) with some modifications. To perform the test, one single colony of each tested clinical isolate, grown on GVSM medium was inoculated in a 5 ml tube of PMD high iron medium and incubated under anaerobic conditions at 37°C for 24–48 h. Cultures were centrifuged at 10000 rpm for 15 min, the broth medium was poured off and cells were suspended in 5 ml of PMD medium and incubated for 2 h under anaerobic conditions at 37°C. Gardnerella cells were standardized to cell densities ranging from 7 log to 3 log cfu/ml then separately inoculated in 5 ml of PMD-FAC medium containing different concentrations of MTbLF (32, 16, 8, 4, 2, 1, and 0.5 mg/ml). MTbLF was provided by Metrodora Therapeutics (Brooklyn, NY) as a lyophilized powder containing >95% pure bLF at approximately 15% Fe saturation. Thus, 1 mg of MTbLF contains approximately 0.2 μg of Fe. MTbLF was dissolved to 100 mg/ml then further diluted in PMD. One tube without MTbLF was used as the positive control, whereas another without MTbLF and Gardnerella cells was used as medium sterility control. The antimicrobial activity of the different MTbLF concentrations was evaluated after incubation at 37°C for 24, 48, 72, and 96 h by plate count. Susceptibility was defined as the ability of MTbLF to inhibit bacterial growth by at least 50% after incubation. The inhibition rate exhibited by MTbLF was calculated after counting viable cells on GVSM agar. Each assay was performed in triplicate.



Antibiotic interference/synergy test

Antagonistic or synergistic effect of both antibiotics and MTbLF was performed in broth culture following the NCCLS method (1987, 1993). In detail, for each tested strain, clindamycin was tested at a concentration equal to the MIC value alone and in combination with different MTbLF concentrations (8 and 4 mg/ml). Based on the MIC value exhibited by the tested strains, the antagonistic or synergistic effect of metronidazole and MTbLF was evaluated using the aforementioned MTbLF concentrations and setting the antibiotic concentration at 256 μg/ml.



Statistical analysis

Data normality was checked by Shapiro–Wilk’s method. The homogeneity of variance of normal data was verified by the F-test. The One-way ANOVA test was used to verify if the inhibition rate displayed by the tested strains was MTbLF-or strain-specific. Pairwise comparisons between MTbLF concentrations were performed using the Tukey Honest Significant Differences test. Strain-independent difference between MTbLF concentrations was tested by Wilcoxon rank-sum test with continuity correction. A Two-tailed Student’s t-test was applied to check the antagonistic or synergistic effect of both antimicrobials and MTbLF.

All statistical tests and plots were performed and drawn using R ver. 3.6.




Results


Antimicrobials susceptibility test

Table 2 shows the results of antimicrobial susceptibility of the tested presumptive G. vaginalis clinical isolates strains. Overall, all the tested strains (71) showed resistance to metronidazole. Different susceptibility profiles were detected for clindamycin. In particular, the vast majority of the tested strains (45%), exhibiting MIC lower than 2 μg/ml, were considered sensitive. Eighteen strains (25%) with MIC higher or equal to 8 μg/ml, were classified as resistant, whereas the remaining 21 (30%) were classified as intermediate (Table 2).



TABLE 2 Susceptibility profiles of G. vaginalis isolates to clindamycin and metronidazole classified according to the interpretation criteria suggested by the Clinical and Laboratory Standards Institute (CSLI).
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Antimicrobial activity of bovine lactoferrin against Gardnerella spp. isolates

The antimicrobial activity of MTbLF was tested against the presumptive G. vaginalis 5.1, 9.4, 13.6, 14.2, 16.2, and 17.1 strains, based on their different susceptibility profiles to clindamycin (resistance, sensitivity, and intermediate resistance).

Supplementary Figure 1 (panels a–h) shows the effect, over time (from 0 h to 96 h), of different MTbLF concentrations (32, 16, 8, 4, 2, 1, 0.5, and 0 mg/ml) against the tested presumptive Gardnerella vaginalis strains at different initial cell densities (from 7 to 3 log units). Overall, for all the tested strains, an MTbLF dose-dependent reduction of viable cells was achieved. In addition, the inhibitory effect exhibited by MTbLF was dependent on the time of incubation.

Figure 1 shows the heat map of the inhibition rate percentage displayed by the tested strains after the treatment with different concentrations of MTbLF. Overall, similar behavior was displayed by the tested presumptive G. vaginalis strains with few exceptions. In fact, when the strains were standardized to cell density equal or lower to 6 log units, inhibition rates greater than 50% were recorded after 24 h of incubation in the presence of 32, 16, and 8 mg/ml of MTbLF. At MTbLF concentrations lower than 8 mg/ml, a prolonged incubation time was required to obtain inhibition rates greater than 50% (Figure 1).
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FIGURE 1
 Heatmap of the inhibition rate percentages (inh%) displayed over time (from 0 h to 96 h) by presumptive Gardnerella vaginalis 5.1, 14.2, 16.2, 9.4, 13.6, 17.1 clinical isolates, tested at different initial cell densities (from 7 log to 3 log units), after treatment with different concentrations (32, 16, 8, 4, 2, 1, and 0.5 mg/ml) of bovine lactoferrin (MTbLF). The colours of the scale bar represent the inhibition rate percentage (inh%) in the range from 0 to 100%. The green line surrounds the inhibition rate percentages (inh%) equal to or greater than 50%.


MTbLF inhibited the growth of the tested presumptive G. vaginalis strains in a dose-dependent manner [One-way ANOVA test, F(6,833) = 32.09, p < 2e-16], but not in a strain-dependent way [F(5,834) = 0.15, p = 0.98]. In addition, Pairwise comparison performed by Tukey Honest Significant Differences test (Supplementary Figure 2) and Wilcoxon rank-sum test with continuity correction (Supplementary Figure 3A–C) suggested that MTbLF, at concentrations ranging from 32 to 8 mg/ml, exerted a statistically different antimicrobial activity compared with lower concentrations [Wilcoxon rank-sum test with continuity correction, maximum Fold inhibition Change (FC) = 1.32, W = 124,248, p < 2.2e-16].



Ability of Gardnerella spp. isolates to use MTbLF as iron source

Since G. vaginalis expresses hLf binding proteins (Jarosik and Land, 2000), the possibility that bovine lactoferrin could serve as an iron source was tested. Figure 2 shows the growth performance of the presumptive G. vaginalis 5.1, 9.4, 14.2, and 17.1 strains in PMD medium without supplements (FAC or MTbLF) and in PMD medium supplemented with 10 μg/ml FAC; or 10 μg/ml FAC and 32 mg/ml MTbLF; or 32 mg/ml MTbLF alone. Overall, all the tested strains were able to grow only in PMD medium supplemented with 10 μg/ml of FAC, which corresponds to 2 μg/ml elemental iron. Differently, in PMD medium without supplements (FAC or MTbLF) and in PMD medium supplemented with 32 mg/ml MTbLF (corresponding to 7 μg/ml elemental iron in the form of Fe-bLF), a reduction of viable cells of about 2.4 log units and 4.8 log units was observed after 24 and 48 h of incubation, respectively (Figure 2). In addition, after 72 and 96 h of incubation the number of viable cells were below the limit of detection (<10 cfu/ml).
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FIGURE 2
 Growth performance of the presumptive G. vaginalis 5.1, 9.4, 14.2, and 17.1 clinical isolates in PMD medium supplemented with 10 μg/ml FAC (A); 10 μg/ml FAC and 32 mg/ml MTbLF (B); 32 mg/ml MTbLF (C) and without supplements (FAC or MTbLF; D).




Antibiotic interference/synergy test

Figure 3 shows the inhibition percentage (inh%) exhibited by the presumptive G. vaginalis 5.1, 9.4, 14.2, and 17.1 strains, standardized to both 7 and 5 log units, in the presence of both MTbLF (8 or 4 mg/ml) and antibiotic (metronidazole or clindamycin at a concentration equal to the MIC value). For all the tested strains, the combination MTbLF and metronidazole (256 μg/ml) did not provide a synergistic effect. In fact, as shown by T-test, no statistically significant differences were observed among the inhibition rate observed after MTbLF treatment with or without metronidazole. Differently, based on the T-test (Figure 3), a statistically significant improvement of the inhibition rate of clindamycin and MTbLF was revealed for all the tested strains.
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FIGURE 3
 Heat map of the inhibition rate percentage (inh%) exhibited by the presumptive G. vaginalis 14.2, 5.1, 9.4, and 17.1 clinical isolates, tested at both 7 and 5 log units, in the presence of bovine lactoferrin (MTbLF; 8 or 4 mg/ml) and antibiotic (metronidazole or clindamycin). Stars indicate statistically significant differences based on two-tailed Student’s t-test.





Discussion

Gardnerella vaginalis plays a key role in the pathogenesis of bacterial vaginosis (BV; Gilbert et al., 2013; Machado and Cerca, 2015; Roselletti et al., 2020). Currently, the standard-of-care therapeutic approach for BV treatment is based on antibiotic administration, often metronidazole and/or clindamycin (Machado et al., 2016; Mendling et al., 2016; Verstraelen and Swidsinski, 2019). Although the antibiotic treatment is effective in about 80% of BV cases, a high recurrence rate (>50%) is reported within 6–12 months (Bradshaw et al., 2006a). In addition, prolonged and repeated antibiotic treatments facilitate the development of resistant pathogens (Beigi et al., 2004; Ferris et al., 2004; Bradshaw et al., 2006b). In this context, resistance to both metronidazole and clindamycin is well documented among G. vaginalis isolates (Knupp de Souza et al., 2016; Schuyler et al., 2016; Hopp et al., 2022), therefore complementary and/or alternative therapeutic approaches are needed.

The present study evaluated the susceptibility of 71 presumptive G. vaginalis clinical isolates to metronidazole and clindamycin and investigated the in vitro antimicrobial activity of bovine lactoferrin (MTbLF) at different concentrations. The possibility that MTbLF could serve as an iron source for G. vaginalis growth was evaluated. In addition, the antagonistic or synergistic effect of MTbLF and antimicrobials against resistant, intermediate, and sensitive presumptive G. vaginalis clinical isolates, were also investigated. The concentrations of iron, used in the present study, are in the range of iron levels measured in vaginal fluid (0.1–4 μg/ml; unpublished data) and concentrations of MTbLF used in cell culture are achieved and maintained in vaginal fluid following vaginal administration of MTbLF (Hopp et al., 2022).

Corroborating previously reported data (Petrina et al., 2017; Li et al., 2020), the present study highlighted a high rate of antibiotic resistance among the tested clinical isolates. In fact, all the tested strains exhibited resistance to metronidazole with MIC values higher than 256 μg/ml. Similarly, Schuyler and co-workers (2016), setting 32 μg/ml as a breakpoint to discriminate among metronidazole sensitive and resistant strains, showed that all the G. vaginalis strains allocated to clades 3 and 4 were resistant to metronidazole. A high percentage of metronidazole resistance was also found by Knupp de Souza et al. (2016) which evaluated the antimicrobial susceptibility patterns of G. vaginalis clinical isolates against antimicrobial drugs of clinical interest for the BV treatment. In particular, among the 204 G. vaginalis isolates, 59.8% of them were classified as resistant. Similarly, Austin et al. (2006) observed that 68% of the tested G. vaginalis strains exhibited resistance to metronidazole with MIC higher than 256 μg/ml. These data could be explained considering that facultative anaerobic bacteria are generally not inhibited by nitroimidazoles since the nitro group reduction depends on the absence of oxygen (Haggoud et al., 1994). In addition, as explained by McLean and McGroaty (1996), the density of an outer surface fibrillar layer, consisting of fimbriae, can influence the susceptibility of G. vaginalis strains to metronidazole. In particular, the authors suggested that the presence of a dense layer, by impeding the penetration of metronidazole, is related to less sensitivity to this antimicrobial. Therefore, the high resistance rate observed among clinical isolates could be due to the exposure to selective pressures, such as the in vivo exposure to metronidazole, which induces the development of a degree of resistance to this antimicrobial drug.

Clindamycin is able to exert anti-inflammatory properties and possess a broad range of activity against BV associated bacteria (Ianaro et al., 2020). In the present study, the vast majority of the tested clinical isolates were classified as clindamycin sensitive or intermediate. The low resistance rate to clindamycin was recently reported by Li and co-workers (2020) which, investigating the susceptibility of planktonic G. vaginalis and biofilms to metronidazole and clindamycin, observed high susceptibility rate to clindamycin at both planktonic and biofilm levels (Li et al., 2020).

It is well known that bovine lactoferrin has antimicrobial, antiviral, and antifungal properties (Jenssen and Hancock, 2009). In particular, the antimicrobial activity is related to the ability to sequester iron, which is essential for the growth of almost all microorganisms, including those belonging to the G. vaginalis species (Jarosik et al., 1998). In addition, lactoferrin exerts a direct action on the outer membrane of Gram-negative bacteria, increasing permeability (Ellison et al., 1988), interfering with flagellar motility, and is able to antagonize pathogens through the prevention of both bacterial adhesion and invasion (Superti et al., 2008). Previous studies demonstrated its antimicrobial effect against bacteria involved in vaginal infections such as Chlamydia trachomatis (Sessa et al., 2017) and Staphylococcus aureus (Naidu et al., 1991). In addition, Wakabayashi and co-workers (1996) suggested that bovine lactoferrin and bovine lactoferrin-derived peptides cooperatively act with azole against Candida albicans (Wakabayashi et al., 1996; Cianci et al., 2020). Although the ability of lactoferrin to counteract bacterial and fungal vaginal infections clearly emerged, little is known about the antimicrobial effect of bovine lactoferrin against Gadnerella spp.

The present study examined the ability of MTbLF to in vitro inhibit the growth of presumptive G. vaginalis clinical isolates. Results revealed that the antimicrobial effect was dose-dependent and not strain-dependent, suggesting the ability of the tested strains to utilize the iron for growth. G. vaginalis strains can utilize a number of different iron containing compounds, including iron salts, hemin, hemoglobin, and human lactoferrin but not bovine lactoferrin (Jarosik et al., 1998). The report that bovine lactoferrin does not support G. vaginalis growth was confirmed herein with multiple presumptive clinical isolates. The specificity of G. vaginalis lactoferrin binding proteins for human lactoferrin (Jarosik and Land, 2000) suggests BV therapeutics employing bovine lactoferrin are preferable to recombinant human lactoferrin. In addition, when MTbLF was used in combination with clindamycin, a synergistic effect was detected. This evidence suggests that MTbLF could improve the effectiveness of traditional antimicrobial, contributing to hindering antimicrobial resistance. Our data align with previous studies, emphasizing that the use of natural bioactive substances, such as lactoferrin, can represent an innovative strategy to treat microbial infections and tackle antibiotic resistance (Ciccaglione et al., 2019). The ability of bovine lactoferrin to potentiate the effect of antibiotics was previously described for the treatment of Helicobacter pylori infection (Di Mario et al., 2003; de Bortoli et al., 2007). In particular, testing Helicobacter pylori strains resistant to levofloxacin, bovine lactoferrin was able to potentiate the effect of levofloxacin, reducing the level of resistance of the bacterium and, thereby, increasing the overall efficacy of the treatment (Ciccaglione et al., 2019).

In the present study clinical isolates were identified as presumptive G. vaginalis stains through species specific PCR. Further studies are needed to confirm the taxonomy affiliation of the strains in order to confirm the high G. vaginalis species occurrence in BV. A limitation of this study is that our in-vitro work does not simulate the polymicrobial environment seen in BV and our ability to precisely control iron in culture media is not fully representative of the nutritional environment of the vagina, which is in constant flux. The vaginal environment contains multiple source of iron including blood, heme, transferrin and bacterial siderophores that may have impact on overall iron availability to a given bacterial species. Furthermore, the well know presence of biofilm in BV may also complicate the local bioavailability of lactoferrin. Nonetheless, we believe the ability of lactoferrin to suppress Gardnerella species and act synergistically with antibiotics, albeit in a tightly controlled in-vitro environment, provides an insight that warrants further study. The safety and vaginal pharmacokinetics of multiple formulations of MTbLF are under evaluation in a Phase 1 clinical trial (ACTRN12619000295145). Characterization of lactoferrin and lactoferrin fragments in vaginal fluid specimens from that study demonstrate that iron-sequestering capacity can be maintained with vaginally administered lactoferrin. Additional trials to evaluate the effect of MTbLF on the treatment and prevention of recurrence of BV are planned.
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Bovine mastitis caused by Streptococcus dysgalactiae (S. dysgalactiae) is usually treated with antibiotics, which may potentially increase drug resistance as the abuse. NZ2114, a variant of fungal defensin plectasin, displayed a potent antibacterial activity against S. dysgalactiae. The inhibition/eradication effect of the antimicrobial peptide NZ2114 on the early/mature biofilm of S. dysgalactiae CVCC 3938 was evaluated, as well as the elimination of bacteria in mature biofilms. In this study, NZ2114 displayed potent antibacterial activity against S. dysgalactiae CVCC 3938 and three clinical isolated S. dysgalactiae strains (0.11-0.45 μM). The early biofilm inhibition of S. dysgalactiae CVCC 3938 was 55.5–85.9% after treatment with NZ2114 at concentrations of 1–16 × MIC, which was better than that of vancomycin at the same concentration. The mature biofilm eradication rate was up to 92.7–97.6% with the increasing concentration (2–16 × MIC) of NZ2114, and the eradication rate did not change significantly with further increase of NZ2114 concentration, while the biofilm eradication rate of vancomycin-treated group at the same concentration remained at 92.5%. NZ2114 reduced the number of persister bacteria in biofilm. Scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) further demonstrated that NZ2114 could effectively reduce the biofilm thickness and bacterial number of S. dysgalactiae CVCC 3938. In vivo therapeutic effect of NZ2114 on murine mastitis model showed that NZ2114 was better than vancomycin in alleviating mammary gland inflammation by regulating cytokines production, inhibiting bacterial proliferation, and reducing the number of mammary gland bacteria. These data suggested that NZ2114 is a potential peptide candidate for the treatment of mastitis.
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Introduction

Bovine mastitis is an inflammatory disease caused by variety of pathogenic microorganisms with invasion of mammary gland tissue and long-term infection. The disease reduces milk production, augments breast necrosis rate, and even leads to death of dairy cows, which seriously threatens the health of dairy cows and affects the development of the dairy industry (Melchior et al., 2006). Streptococcus dysgalactiae (S. dysgalactiae) is one of the major Streptococcus species that cause mastitis (Ma et al., 2021), it is considered to be environmental pathogenic bacteria, which is parasitic in the mouth, vagina and skin of livestock, and also distributed in the environment. This pathogen can infect livestock, causing abscesses, endocarditis and mastitis. In China, the S. dysgalactiae is the top three strains among the main pathogenic bacteria leading to bovine mastitis, which can reach 21.35% in Jilin province (Hao et al., 2016). In addition, this bacterium also infects humans under special situations, causing bacteremia, endocarditis, meningitis, sepsis, arthritis, respiratory and skin infections and other diseases in patients (Rantala, 2014; Rantala and Tuohinen, 2014; Rutherford et al., 2014).

Biofilm is an aggregate in which microorganisms grow organically. Bacteria irreversibly adhere to the surface of inert or active entities, multiply, differentiate, and secrete some polysaccharide matrix, which wraps the bacterial community to form aggregate membrane. It had been suggested that the bacterial biofilms of Staphylococcus aureus (S. aureus), Escherichia coli and Streptococcus were highly resistant to antibiotics and host defense (Costerton et al., 1999; Olson et al., 2002; Parastan et al., 2020). Gomes et al., study showed that the formation of biofilm of S. dysgalactiae is an important virulence mechanism of the pathogenic causing bovine mastitis (Gomes et al., 2016). Previous studies showed that 46.7% of isolates displayed moderate or strong biofilm-forming abilities among 246 clinical S. dysgalactiae (Ma et al., 2017). Two biofilm formation related genes, eno and napr, were detected in 76% and 86% of S. dysgalactiae (n = 41), respectively (Kaczorek et al., 2017). The presence of biofilms in the mammary gland has led to a decrease in the effectiveness of antibiotic therapy, there are 10 to 1000 times more resistant to the effects of antibiotics, resulting in persistent infections of pathogenic bacteria, which increases the difficulty of treatment and prolongs the time of medication. In addition, some studies had reported that subinhibitory concentrations of some antibiotics could induce biofilm formation (Costa et al., 2012). Therefore, the removal of S. dysgalactiae biofilm has an important clinical significance.

Antimicrobial peptides (AMPs) are a class of small molecule peptides with high-efficiency antibacterial activity in innate immune system in living organism. The multifactorial antimicrobial mechanisms of AMPs derived from intracellular compatibility, high sensitivity to early warning and low resistance from multiple targets. AMPs could cover the merits of antibiotics in disease treatment and vaccines in disease prevention, and avoid their shortcomings, such as high resistance and high variation in pathogens, and high residue in animals. AMPs, antibiotics, and vaccines could complement each other, and build an iron triangle of animal health care together to halt the development of drug resistance and reduce the residues in tissues (Teng et al., 2014; Zhang et al., 2014; Hao et al., 2017, 2022; Li Z. et al., 2017; Yang et al., 2017, 2019; Wang et al., 2018; Liu et al., 2021; Zheng et al., 2021). Therefore, it has been highly expected that AMPs could exert a positive contribution to support green husbandry in terms of a new health concept One World and One Health. However, most AMPs stop at the assessment into clinical application due to their poor druggability, only a few AMPs show a promising future in drug development. It was reported that NZ2114 is the derived peptide of the first fungal defensin plectasin which targets specially Lipid II in cell wall of gram-positive bacteria, with three amino acid sites mutated (D9N, M13L, and Q14R). NZ2114 exhibited potent antimicrobial activity, with the minimum inhibitory concentration (MIC) values of 0.057–0.454 μmol/L for methicillin-resistant S. aureus (Chen et al., 2017). When NZ2114 was combined with hybrid catheter material, it displayed significant inhibition effect of methicillin-resistant S. aureus biofilms (Klein et al., 2017). NZ2114 also exhibited effective activity against Streptococcus (Pillar et al., 2008). In our previous study, NZ2114 had potent antimicrobial activity against Streptococcus suis (S. suis) with MIC values of 0.03–0.06 μmol/L. The in vitro time-kinetic results showed that NZ2114 was 99.9% bactericidal against S. suis CVCC 606 within 4 h at 4 × MIC concentration. In addition, the antimicrobial peptide NZ2114 had a good protective effect on mouse peritonitis infected by S. suis. The dose of 0.2 mg/kg NZ2114 treatment could result in a 100% survival rate of mouse, which effectively reduced the bacterial load in mice organs, regulated the release of inflammatory factors, alleviated the histopathological damage of organs and thus effectively protected mice against S. suis type 2 strains infection (Jiao et al., 2017). Therefore, NZ2114 is a potential antimicrobial agent to inhibit and eradicate S. dysgalactiae and its biofilms.

Based on the previous studies of plectasin-derived peptides in treatment of Streptococcus infection, this study is focus on exploring the inhibition/eradication effect of NZ2114 on S. dysgalactiae biofilm in vitro and the therapeutic effect of mouse mastitis in vivo.



Materials and methods


Strains, mice and reagents

Streptococcus dysgalactiae CVCC 3938 was purchased from the China Veterinary Culture Collection Center (CVCC) (Beijing, China). The tested strains of S. dysgalactiae CAU-FRI 1-3 isolated from bovine mastitis were obtained from China Agricultural University. The four-day post-parturient SPF ICR female mice were purchased from Vital River Laboratories (Beijing, China), kept in a sterile environment and supplied with sterile water and feed. The antimicrobial peptide NZ2114 was prepared by recombinant expression of Pichia pastoris X-33 with purity > 95% in Feed Research Institute, Chinese Academy of Agricultural Sciences (Zhang et al., 2014), the physicochemical properties of NZ2114 were shown in Table 1. All other chemical reagents used were of analytical grade.


TABLE 1    Physicochemical properties of NZ2114.
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Ability of NZ2114 against biofilms and bacteria of Streptococcus dysgalactiae


Minimum inhibitory concentrations determination

The MIC values of NZ2114 were measured by the microbroth dilution method (Wiegand et al., 2008). In brief, mid-log phase S. dysgalactiae CVCC 3938 cells were diluted to a suspension of 1 × 105 CFU/mL with Tryptic Soy Broth medium (TSB, Qingdao Hope BioTechnology Co., Ltd.). NZ2114 was twofold diluted to final concentrations of 0.625–1280 μg/mL. The different concentrations of peptide (10 μL) and cell suspensions (90 μL) were added into a 96-well plate and incubated at 37°C for 16–18 h. The MIC value was defined as the lowest concentration at which there was no visible bacterial growth. All assays were performed in triplicate.



Biofilm growth kinetics measurement

S. dysgalactiae CVCC 3938 is a strong biofilm-producing strain according to the previous study (Zhang et al., 2021). The growth of biofilms was measured with a 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma) (Pires et al., 2011). In brief, mid-log phase S. dysgalactiae CVCC 3938 cells were diluted to a suspension of 1 × 108 CFU/mL with TSB medium, 200 μL suspension and 100 μL MTT solution (0.5 mg/mL) were added into 96-well plates and incubated at 37°C for 72 h in the dark for further biofilm metabolism test. After incubation, MTT was displaced by the 150 μL DMSO dissolving solution and the optical density (OD) was determined at 570 nm using a microtiter plate reader (Cui et al., 2016).



Effect of NZ2114 to inhibit biofilm formation

The PBS suspension of mid-log phase S. dysgalactiae CVCC 3938 (1 × 108 CFU/mL) was mixed with different final concentrations of NZ2114 or vancomycin (1–16 × MIC) and then incubated in 96-well plates at 37°C for 24 h. Untreated bacterial solution was the control group, and TSB was the blank control group. After incubation, the cells were washed with PBS for 3 times to remove floating cells and the effect of NZ2114 on early biofilm formation of S. dysgalactiae CVCC 3938 was assessed by the crystal violet staining. The inhibitory effect of NZ2114 on biofilms was determined according to the previous study (Yang et al., 2019).



Effect of NZ2114 to eradicate mature biofilm

Mid-log phase S. dysgalactiae CVCC 3938 was diluted to a suspension of 1 × 108 CFU/mL with TSB medium and 200 μL bacterial suspension was incubated at 37°C for 24 h in 96-well plates. The supernatant was gently removed and 200 μL of NZ2114 or vancomycin at final concentrations of 1–16 × MIC were added and continued to incubate for 24 h. Untreated bacterial solution was the control group, and TSB was the blank control group. After incubation, the plates were washed with PBS for 3 times to remove the planktonic cells. The effect of NZ2114 on the eradication of mature biofilms of S. dysgalactiae CVCC 3938 was evaluated by crystal violet staining and the absorbance was measured as described above. All assays were performed in triplicate (Yang et al., 2019).



Effects of NZ2114 on bacteria in early biofilm

A volume of 200 μL mid-log phage S. dysgalactiae CVCC 3938 suspension (1 × 108 CFU/mL in TSB medium) was added into 96-well plates and incubated at 37°C for 24 h. The plates were washed gently to remove the planktonic bacteria and incubated with NZ2114 or vancomycin at 37°C for 2 h. The untreated bacteria and free medium were used as control group and blank control group. After ultrasound, the attached bacteria were removed and colony count (Yang et al., 2019).



Bactericidal activity of NZ2114 against persister bacteria

In order to obtain persister bacteria from mature biofilms, a volume of 200 μL S. dysgalactiae CVCC 3938 bacterial suspension (1 × 108 CFU/mL) was added into 96-well plates and incubated at 37°C for 24 h. After removed the planktonic bacteria, the plates were incubated with 100 × MIC vancomycin at 37°C for 24 h. After washed with PBS, the plates were treated with 16 × MIC NZ2114 or vancomycin at 37°C for 24 h for combatting the bacteria encapsulated in biofilm and then cultured in fresh PBS were used as a control. After ultrasound, the attached bacteria were removed and counted in colony forming units (Yang et al., 2019).




Observation of biofilms by scanning electron microscope

According to the previous study, the biofilm of S. dysgalactiae CVCC 3938 was analyzed by SEM with some modifications. A volume of 360 μL S. dysgalactiae CVCC 3938 bacterial suspension (1 × 108 CFU/mL) and 40 μL 160 × MIC NZ2114 or antibiotics were added into 24-well plates with sterile guide sheets and co-incubated at 37°C for 24 h. After incubation, the plates were washed 3 times with PBS to remove planktonic bacteria and the biofilm was fixed with 2.5% glutaraldehyde at 4°C for 24 h. The cells of biofilms were dehydrated with ethanol series (50, 70, 85, 95, and 100%) for three times with 15 min/time, dried by CO2, sputtered with platinum, and observed using a QUANTA200 SEM (FEI, Philips, Netherlands) (Zhang et al., 2021).



Observation of biofilms by confocal laser scanning microscopy

To further study the inhibition and elimination effect of NZ2114 on biofilm and internal bacteria, biofilms were observed by CLSM. The sample pretreatment was consistent with SEM. After removed the planktonic bacteria, the biofilms were dyed with PI and SYTO9 (LIVE/DEAD BacLight Bacterial Viability Kit, ThermoFisher) for 15 min. Finally, the slides were washed with PBS and observed by Zeiss LSM880 confocal microscope (CLSM). The excitation/emission for these dyes are 480/500 nm for SYTO 9 stain and 490/635 nm for propidium iodide (Zhang et al., 2021).



Efficacy of NZ2114 in murine mastitis model


Streptococcus dysgalactiae CVCC 3938-induced murine mastitis model

In order to study the therapeutic effect of NZ2114 against S. dysgalactiae CVCC 3938 on animals, a murine mastitis model was constructed. Specific pathogen free (SPF) ICR female mice at 4-day postpartum were selected. During the experiment, the mice were placed in an animal room with a temperature-controlled light-dark cycle (light: 8:00–20:00), supplied feed and water freely. The murine mastitis model was established as previous study with minor modifications (Li L. B. et al., 2017).

Briefly, the pups were separated from their lactating female mice 2 h before the experiment, and lactation was resumed 1 h before bacteria injection, so that the milk could be sucked up as much as possible. The mice were anesthetized with isoflurane through respiratory inhalation and placed them under the dissecting microscope, adjusting the focus so that the mouse nipples are clearly visible under the microscope. After disinfection with 75% alcohol, the nipple was gently fixed with sterile ophthalmic forceps in the left hand, and 100 μL bacterial suspension (1 × 105 CFU/mL S. dysgalactiae CVCC 3938) or PBS was injected into the 4th pair of mammary glands through the milk ducts with a 100 μL microsyringe in the right hand.




NZ2114 therapy in a murine mastitis model

In this study, a total of 16 lactating ICR mice were randomly divided into 4 groups: (1) Blank control group (Uninfected group); (2) Negative control group (Uninfected group); (3) NZ2114 treatment group; (4) Vancomycin treatment group. After challenge with S. aureus for 3 h, the dose of 100 μg/mammary gland NZ2114 and vancomycin was treated (dissolved in 100 μL PBS), and the blank control group was given the same volume of PBS. Mice were euthanized by cervical dislocation at 24 h, 3 day, 7 day after challenge, and the fourth pair of mammary glands were collected aseptically and weighed for bacterial counting.



Inflammatory cytokine assay and histological evaluation of breast tissues

ELISA kits were used to determine IL-1β, IL-6, IL-10, TNF-α and MCP-1 indexes, and the remaining mammary tissues of each group were treated with 10% paraformaldehyde and stained with hematoxylin and eosin (HE) for histopathological analysis. All mouse experiments and animal welfare were performed in accordance with the protocol approved by the Animal Care and Use Committee-Ethical Committee for Experimental Animals (AEC-CAAS-20090609) of the Feed Research Institute, Chinese Academy of Agricultural Sciences.



Statistical analysis

All data were analyzed by GraphPad Prism 8 (GraphPad Software, United States), and the results were given as means ± standard deviations (SDs). Statistical significance of groups was analyzed using the one-way ANOVA and Tukey multiple comparison.




Results


Ability of NZ2114 against biofilms and bacteria of Streptococcus dysgalactiae


Minimum inhibitory concentration determination

As shown in Table 2, NZ2114 displayed a potent antibacterial activity against S. dysgalactiae. The MICs of NZ2114 against S. dysgalactiae CVCC3938 was 0.11 μM, which was significantly superior to vancomycin (0.67 μM). For the clinical isolates S. dysgalactiae CAU-FRI 2,3, NZ2114 displayed a stronger antibacterial capacity with 0.23 μM than vancomycin (0.67 and 0.34 μM). Only for S. dysgalactiae CAU-FRI 1, NZ2114 showed an inferior activity (0.45 μM) compared with vancomycin (0.34 μM).


TABLE 2    The MIC values of NZ2114 against S. dysgalactiae.

[image: Table 2]



Biofilm growth kinetics measurement

The growth curve of S. dysgalactiae CVCC 3938 reflected the biofilm formation pattern. As shown in Figure 1, the absorbance value of S. dysgalactiae CVCC 3938 biofilm grew rapidly (OD570 0.08–1.21) and the biofilm metabolism was vigorous in the first 4 h. At 12–20 h, the absorbance value tended to be stable (OD570 0.36–0.40), and at 24–72 h, the absorbance values gradually decreased (OD570 0.08–0.25).
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FIGURE 1
The growth curve of S. dysgalactiae biofilm.




Effects of NZ2114 to inhibit biofilm formation

The inhibitory effect of NZ2114 on the initial stage of biofilm formation was shown in Figure 2A, NZ2114 inhibited the initial biofilm of S. dysgalactiae CVCC 3938 by 77.9%–85.9% at concentrations of 1–8 × MIC, which was better than that of vancomycin (53.2–62.6%) at the same concentration. The results indicated that NZ2114 could effectively inhibit the initial biofilm formation of S. dysgalactiae at a certain concentration range.
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FIGURE 2
Effects of NZ2114 on S. dysgalactiae biofilms and bacteria in biofilms. (A) Inhibition effect of NZ2114 on biofilms formation. (B) Eradication effect of NZ2114 on mature biofilms. (C) Bactericidal activity of NZ2114 against the established biofilms. (D) Bactericidal activity of NZ2114 against persister.




Effects of NZ2114 to eradicate mature biofilm

As shown in Figure 2B, NZ2114 had a certain destructive effect on the mature biofilm, the biofilm eradication rates were 92.7–97.6% with increasing concentrations of NZ2114 at 2–16 × MIC, and the eradication rates did not change significantly when the concentration continued to increase, maintaining at about 96.7%, while the biofilm eradication rate of vancomycin-treated group was about 92.5% at the same concentration. Therefore, NZ2114 had the potential to eradicate mature biofilm.



Effects of NZ2114 on bacteria in early biofilm

As shown in Figure 2C, both NZ2114 and vancomycin reduced the number of bacteria encased in the biofilm. After treatment with 1–2 × MIC NZ2114, the colony number of S. dysgalactiae CVCC 3938 was rapidly decreased by 2.27–2.92 lg, but during 2–64 × MIC the number of colony remained stable, 128 × MIC NZ2114 completely killed the S. dysgalactiae CVCC 3938. The colony number of S. dysgalactiae CVCC 3938 was reduced by 2.04 lg after treated with 1 × MIC vancomycin, and until the concentration was 512 × MIC, vancomycin could completely eliminate the S. dysgalactiae CVCC 3938. Therefore, the killing efficiency of NZ2114 on bacteria in biofilm was significantly better than that of vancomycin.



Bactericidal activity of NZ2114 against persister

Through external application of antibiotics, bacteria were artificially induced biofilm to produce persister bacteria. A high dose of vancomycin (100 × MIC) was first added to a 96-well plate in which a mature biofilm of S. dysgalactiae CVCC 3938 had been formed. As shown in the Figure 2D, there still existed 6.8 × 104 CFU/mL of persister bacteria encapsulated in the biofilm after treatment with 100 × MIC vancomycin for 24 h. After co-incubation with 16 × MIC NZ2114 for 24 h, the persister bacteria eradication rate of NZ2114 was 99.9%, significant difference with the untreated group (P < 0.001), while 16 × MIC vancomycin was less effective in inhibiting the persister bacteria. The number of viable bacteria in the biofilm with 16 × MIC vancomycin treatment decreased from 6.8 × 104 to 1.4 × 103 CFU/mL after 24 h, which was only one order of magnitude lower.



Biofilms observation by scanning electron microscopy

As shown in Figure 3A, the biofilm of the untreated control group was intact, and the whole biofilms were patchy and irregularly covered on the surface of the carrier, forming an irregular multi-layer structure. S. dysgalactiae CVCC 3938 cells were joined together by a sticky extracellular product secreted by the bacterium, which was encapsulated in the extracellular secretion. The vancomycin treatment group showed a decrease in the number of extracellular polymers and slight deformation of bacteria in the biofilm. After treatment with NZ2114, the biofilm became thin and loose, and the bacterial cells in the biofilm were deformed or ruptured.
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FIGURE 3
Effects of NZ2114 on S. dysgalactiae biofilms by SEM and CLSM observation. (A) Biofilms observation by SEM. (B) Biofilms observation by CLSM. Live cells are stained in green by SYTO9 and dead cells are stained in red by PI. CK: the untreated S. dysgalactiae biofilms. Van: vancomycin.




Biofilms observation by confocal laser scanning microscopy

In order to further confirm the inhibition and eradication effect of NZ2114 on biofilm and internal bacteria, the treated S. dysgalactiae CVCC 3938 were observed by CLSM. As shown in the Figure 3B, the untreatment group formed biofilm of S. dysgalactiae CVCC 3938 with a thickness of 18.82 μm and more than 90% were live cells (stained with green color) in the field of view, after treatment with NZ2114, bacterial biofilm became significantly thinner (a thickness of 10.48 μm) and the number of dead bacteria increased (stained with red color), which was better than that of the vancomycin-treated group (a thickness of 15.16 μm). These results indicated that NZ2114 was superior to vancomycin in the inhibition and elimination of S. dysgalactiae CVCC 3938 biofilm and its internal bacteria.




Efficacy of NZ2114 in murine mastitis model


Streptococcus dysgalactiae CVCC 3938-induced murine mastitis model

Compared with the blank control group, the female mice infected with S. dysgalactiae CVCC 3938 for 24 h showed signs of swelling, erythema and hemorrhage with mammary tissue (Figure 4A). The acinar morphology was changed and acinar wall was thickened. In addition, levels of TNF-α, IL-1β, IL-6 and MCP-1 in mammary tissue were significantly increased (Figure 4B). The murine model in mice was successfully established.
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FIGURE 4
Establishment of murine mastitis model. (A) Pathological changes of mammary glands in mouse. (B) The change of inflammatory cytokine. A probability value of < 0.05 was considered significant. (*) Indicates the significance between uninfected and untreated groups. **p < 0.01; ****p < 0.0001. The results are given as the means ± SDs (n = 3).




NZ2114 therapy in a murine mastitis model

As shown in Figure 5, after challenge with S. dysgalactiae CVCC 3938 for 24 h, the bacterial number of untreated group was approximately 3.1 × 107 CFU/gland. After treatment with NZ2114, the bacterial numbers in the mammary glands decreased significantly by 5.64 lg (from 7.33 to 1.87 lg, P < 0.01), 5.16 lg (from 5.16 to 0 lg, P < 0.01), and 1.69 lg (from 3.31 to 1.62 lg) at 1 d, 3 d and 7 d, respectively. For vancomycin treatment group, the bacterial load in the mammary glands decreased by 1.73 lg (from 7.33 to 5.96 lg), 2.16 lg (from 5.16 to 3 lg, P < 0.001), and 3.06 lg (from 3.31 to 0.25 lg, P < 0.01) at 1 d, 3 d and 7 d, respectively. Those results showed that the in vivo treatment effect of NZ2114 was better than that of vancomycin treatment group.
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FIGURE 5
Effects of NZ2114 on bacterial loads in mammary tissue of S. dysgalactiae infected mice. (A) Treatment for 24 h; (B) treatment for 3 day; (C) treatment for 7 day. A probability value of < 0.05 was considered significant. (*) Indicates the significance between untreated and each of treatment groups. **p < 0.01; ***p < 0.001. The results are given as the means ± SDs (n = 3).




Inflammatory cytokine assay

To investigate the regulation effect of NZ2114 on immune factor of mammary gland in mice, the levels of inflammatory factors (TNF-α, IL-6 and IL-1β), anti-inflammatory factors (IL-10) and chemokines (MCP-1) in the mammary gland of mice were measured. As shown in Figures 6A–E, the levels of IL-1β, IL-6, IL-10, TNF-α and MCP-1 were 1.86–1.99, 19.05–19.57, 1.79–2.17, 6.48–7.13 and 4.35–5.88 pg/mg, respectively, after treatment with NZ2114. The levels of IL-1β, IL-6, TNF-α and MCP-1 in NZ2114 treatment group were significantly lower than those in negative control group and the regulatory effect of NZ2114 was comparable to those of the vancomycin treatment group.
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FIGURE 6
The protective effect of NZ2114 on the mammary gland of mice at the immune level. Mammary tissues were collected and the levels of (A) TNF-α, (B) IL-1β, (C) IL-6, (D) IL-10, and (E) MCP-1 were detected by using an ELISA kit after 24 h treatment, respectively. The analyses were measured by one-way ANOVA, with Duncan’s multiple comparisons test. All assays were performed in triplicate. The analyses were measured by one-way ANOVA, with Duncan’s multiple comparisons test. A probability value of <0.05 was considered significant. (*) Indicates the significance between control and each of treatment groups. **p < 0.01; ***p < 0.001; ****p < 0.0001. The results are given as the means ± SDs (n = 3).




Histological evaluation of breast tissues

As shown in Figures 7A–D, the inflammatory response of mammary tissue in NZ2114 and vancomycin treatment group were significantly improved, the infiltration of macrophages and neutrophils in the glandular follicles were significantly reduced, and the milk clot was reduced. Among them, NZ2114 treatment group was comparable to the normal level. The results indicated that NZ2114 had protective immune effects on mammary glands of mice.
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FIGURE 7
Histological evaluation of breast tissues. (A) Uninfected group; (B) Infected and untreated group; (C) NZ2114 treated group; (D) Vancomycin treated group.






Discussion

Bovine mastitis is easy to relapse and difficult to cure, and S. dysgalactiae is one of the main pathogen. In this study, plectasin derived peptide NZ2114 displayed potent activity against S. dysgalactiae (Table 2). Therefore, the anti-biofilm and in vivo effects of NZ2114 on S. dysgalactiae were studied.

NZ2114 was demonstrated to inhibit the formation of early biofilm and eradicate mature biofilm of S. dysgalactiae CVCC 3938, which was significantly superior to vancomycin (Figures 2A,B). SEM and CLSM further demonstrated that NZ2114 could effectively reduce the biofilm thickness and bacterial colony of S. dysgalactiae CVCC 3938 (Figure 3). In addition, after treatment with antibiotics or attack by immune system of host, the bacteria could form small colonies of persister bacteria within the biofilm and remain in the host for a long time. Lewis et al., proposed that persister bacteria may play a role in biofilm tolerance and demonstrated that the presence of persister bacteria does prevent effective treatment of bacterial infections (Levin and Rozen, 2006). In this study, NZ2114 showed a potent role in the eradication of persister in early biofilm and mature biofilm, which was significantly better than that of vancomycin (Figures 2C,D). At the early stage of biofilm development, the adhesion ability of bacteria to the surface of natural polymer was increased under the action of cell wall associated adhesins. Therefore, the bacteria elimination effect during early biofilm showed that NZ2114 can inhibit the biofilm formation at the source. While for the mature biofilm, the elimination of biofilm plays an important role, then the persister bacteria in the biofilm could be dissociated, and the planktonic bacteria are further killed. NZ2114 not only had a more potent antimicrobial activity than its parent peptide plectasin in vitro and in vivo (Mygind et al., 2005; Andes et al., 2009; Brinch et al., 2009), but also more efficient bactericidal and biofilm removal effect than the other fungal defensin peptide P2 against S. dysgalactiae (Zhang et al., 2021), which may be related to the increased charge of NZ2114 (NZ2114 with 3 positive charges, plectasin and P2 with 1 positive charge). Recent studies have highlighted the potential use of AMPs to prevent biofilm formation or eradicate established biofilms (Rajasekaran et al., 2017; De Breij et al., 2018; Mwangi et al., 2019). However, there are also related researches of AMPs and compounds that only destroyed biofilms but did not kill bacteria. For example, De La Fuente et al. screened and obtained a strong anti-biofilm cationic nine-peptide 1037, which can inhibit the formation of biofilm at the concentration of 1/30 × MIC (>50% reduction in cell biomass). It disables the ability of bacteria to swim and aggregate and inhibit the expression of genes related to biofilm formation after interacting with bacteria, but the killing ability is relatively weak (de la Fuente-Núñez et al., 2012). Lee et al. had confirmed that extracts of various medicinal plants exhibited anti-biofilm activity against S. aureus without inhibiting the growth of cells in planktonic culture (Lee et al., 2013).

During lactation, the bacteria can easily pass through the milk ducts to the mammary gland. When a cow’s mammary gland is infected or damaged, the osmotic pressure balance between the cow’s milk and blood is disrupted, causing various cells and proteins in the blood to enter the milk pool or vesicles, which leads to changes in milk composition, κ-casein and lactoglobulin levels were reduced, whey protein, pH, and somatic cell count (SCC) were increased, respectively. This phenomenon significantly affects the technological quality of cows’ milk (Carroll et al., 1963; Pecka-Kiełb et al., 2016). What’s more, a large collection of white blood cells will block the ducts of the breast, resulting in the inability to discharge milk, a decrease in milk production, and even the cessation of lactation and loss of breast function. Because of the complex environment in the udder of dairy cows, in vivo testing is an essential part of evaluating new drugs for the treatment of mastitis. Several researchers have reported that the 4th pair of mouse mammary gland have been used as an infection model to test the therapeutic effects of gut microbiota, probiotics and phage (Wang et al., 2017; Hu et al., 2020; Ngassam-Tchamba et al., 2020). Therefore, a model of mastitis induced by S. dysgalactiae in mice was established in this work, which showed the typical symptoms of mastitis at the 4th pair of mouse mammary tissue as previously reported (Xi et al., 2020), the swelling, congestion and hemorrhage mammary tissue and the increased inflammatory cytokines. Compared with the vancomycin treatment group, NZ2114 displayed significant decrease of bacteria and immunomodulatory effects against S. dysgalactiae-induced mastitis, and the effect of NZ2114 was superior to that of vancomycin. However, the bacterial loads in mammary tissue were increased after treatment with NZ2114 for 7 days compared to treatment for 3 days, the reason may be related to the only once treatment after the challenge with S. dysgalacetiae within 7 days. Previous studies had proved that NZ2114 has more rapid bactericidal properties in vitro (Zhang et al., 2014) and intracellular (Wang et al., 2019) than vancomycin. Therefore, the treatment of mastitis in vivo with NZ2114 achieved a rapid bactericidal effect in the short term (1 d: from 7.33 to 1.87 lg, 3 d: from 7.33 lg to 0), but the concentration of NZ2114 in the breast was lower than the MIC value due to the absence of secondary administration, and the surviving S. dysgalacetiae was able to proliferate again. This result laterally proves that the antimicrobial peptide NZ2114 is not easily residual in the body, and the dosing interval needs to grope according to the in vivo pharmacokinetics. Vancomycin has the minimal colony count on day 7 in vivo, indicating that vancomycin is slow to take effect and has a long residual time in the body, and a 2–7 days milk abandonment period is needed after antibiotic treatment. NZ2114 could kill the two main pathogens S. dysgalactiae and S. aureus of mastitis, which is expected to be the best candidate for the treatment of bovine mastitis. And, it is reported that the industrial scale of 20 and 30 m3 special for AMPs fermentation and relative purification platform system were established in 2019 and 2021 in China for the first time, respectively (Gao and Wang, 2022), and a total amount of 49 Kg AMP products with a purity higher than 92% were harvested, which would be great helpful to evaluation and clinical trials on AMPs during drug development in next works.

S. dysgalactiae can not only form biofilm but also invade and survive within mammary epithelial cells, and persist for long periods, which can avoid the bactericidal action of antibiotics, resulting in persistent infection (Calvinho and Oliver, 1998). Streptococcus also can induce autophagy to increase inflammatory reactions of bovine mammary epithelial cells (Chen et al., 2022; Qi et al., 2022). Because of the low intracellular accumulation and special intracellular environmental effects, it is difficult for the antibiotics to play a good bactericidal effect in intracellular. In this study, NZ2114 not only killed bacteria in vitro, but also completely eliminated S. dysgalactiae in mammary gland tissue, which may be related to the intracellular bactericidal efficacy of NZ2114. The previous studies have shown that NZ2114 was internalized in the bovine mammary epithelial cells via clathrin-mediated endocytosis and micropinocytosis, and maintained potent intracellular antibacterial activities (Wang et al., 2018). NZ2114 has dual effects of anti-biofilm and anti-intracellular bacteria, which may explain the main reason that NZ2114 could effectively cure murine mastitis.

In general, in vitro and in vivo antibacterial and antibiofilm effects of NZ2114 on S. dysgalactiae CVCC 3938 were systemically studied for the first time. NZ2114 revealed the inhibition/eradication effect on the early/mature biofilm of S. dysgalactiae and vancomycin-resistant persister encapsulated the biofilm. Furthermore, NZ2114 is an excellent drug for the treatment of S. dysgalactiae-induced mastitis. These results indicated NZ2114 is a potential effective drug for clinical treatment of S. dysgalactiae infection.
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The need for discovering new compounds that can act selectively on pathogens is becoming increasingly evident, given the number of deaths worldwide due to bacterial infections or tumor cells. New multifunctional biotechnological tools are being sought, including compounds present in spider venoms, which have high biotechnological potential. The present work aims to perform the rational design and functional evaluation of synthetic peptides derived from Lachesana tarabaevi spider toxin, known as latarcin-3a. The antimicrobial activity was tested against Gram-positive and -negative bacteria, with minimum inhibitory concentrations (MIC) between 4 and 128 μg.ml−1. Anti-biofilm tests were then performed to obtain MICs, where the peptides demonstrated activity from 4 to 128 μg.ml−1. In vitro cell cytotoxicity assays were carried out from tumor cell lines, lineages C1498, Kasumi-1, K-562, Jurkat, MOLT4, and Raji. Erythrocyte integrity was evaluated in the presence of synthetic peptides analog, which did not promote hemolysis at 128 μg.ml−1. The peptide that showed the best antibacterial activity was Lt-MAP3 and the best antitumor was Lt-MAP2. In conclusion, rational design of multifunctional antimicrobial peptides may be promising alternative tools in the treatment of emerging diseases such as bacterial infections and tumor cells.

KEYWORDS
 spider, antimicrobial peptides, resistant bacteria, antitumor, drug design


Introduction

Bacterial infections and tumors are among the leading causes of death around the world (Glaziou et al., 2018; Mattiuzzi and Lippi, 2019). Currently, with the emergence of antibacterial resistance and increased exposure to carcinogens, the mortality rate from these diseases has increased (Zhu et al., 2017). Resistance to medicines used in the treatment of bacteria and tumor cells is a worldwide problem that can lead to worse patient outcomes or may prolong the disease (Munita and Arias, 2016; Bukowski et al., 2020).

Among types of antibacterial resistance, biofilm formation is responsible for prolonging the infection in numerous clinical cases, such as in catheter application, intubation, prosthesis, and post-surgery, among others (del Pozo, 2018). Biofilm consists of aggregated planktonic cells that assume multicellular and coordinated development, involving the life cycles and maturation of one or more bacterial species encapsulated in a carbohydrate matrix that generally prevents antibiotics from entering and thus contributing to bacterial resistance to administered medicines (Rumbaugh and Sauer, 2020). Furthermore, multidrug-resistant bacteria are increasingly less susceptible to conventional antibiotics, and cases of resistant bacterial infections are becoming more common (Agyepong et al., 2018).

Another big problem are tumors, which are cell clones with a high proliferation rate and which lack regulatory mechanisms for growth suppression, presenting a similar challenge in a different context. When there is a lack of an appropriate treatment or specific medicine for a given tumor type, this can result in a high cell proliferation rate, making the tumor invasive and leading patients to death (Deslouches and Di, 2017).

Among the various tumor types, one of the most malignant is leukemia, and its appearance is more common in childhood, with children accounting for 30% of the cases. Leukemias can be classified into acute lymphoblastic leukemia, acute myeloid leukemia, chronic lymphoid leukemia, chronic myelomonocytic leukemia, or chronic myeloid leukemia, whereas acute lymphoblastic leukemia is the common type (Kaplan, 2019).

In the last decade, medicine related to tumor treatment have undergone several advances, however, this disease remains a serious threat to human survival (Hashim et al., 2016). The use of chemotherapy in conjunction with surgery and radiotherapy has revolutionized the treatment, promoting an increase in the tumor patient’s life expectancy (Bratt et al., 2015).

However, anti-tumor treatment techniques can be considered evasive and non-selective, also reaching healthy cells, resulting in side effects and cytotoxicity, contributing to resistance development by tumor cells (Chatterjee et al., 2014; Franzoi et al., 2021). Thus, an alternative method is the discovery of new medicine classes that would act on tumor cells, without or with low toxicity to normal cells (Deslouches and Di, 2017).

In addition, other peptides derived from invertebrate animal toxins also are commercially used, such as honeybee toxin (Apitox®, Uruguay) used as a cosmetic compound from Apis mellifera; bivalirudin (Angiomax®, United States) used for thrombin inhibitor anticoagulant agents from leech Hirudo medicinalis; and ziconotide (Prialt®, Brazil) used to treat chronic pain, derived from mollusk Conus magus (Bordon et al., 2020).

Antimicrobial peptides (AMPs) in general are small molecules, cationic, amphipathic α-helical structure, and have specific or multiple activities targets, such as antifungal, insecticidal, antiviral, antibacterial, and antitumor action (Izadpanah and Gallo, 2005; Pfalzgraff et al., 2018).

As an example, studies have been carried out on natural peptides from spider toxins, such as lycotoxin-I and lycotoxin-II from Lycosa carolinensis and latarcins and latartoxins from Lachesana tarabaevi (Wang and Wang, 2016). The Lycosidae family spiders are the most studied with their toxic activities already well characterized, being amphipathic peptides mostly α-helical structured, presenting antibacterial, antitumor, antifungal and insecticidal activities (Braga et al., 2020).

The latarcin-3a (Ltc-3a), isolated of spider venoms from L. tarabaevi has demonstrated activity against Arthrobacter globiformis, Bacillus subtilis, Escherichia coli DH5-alpha, and E. coli DH1. It also showed antifungal activity against Pichia pastoris and Saccharomyces cerevisiae (Kozlov et al., 2006).

Peptides have distinct functions, such as latarcin toxins that act non-selectively as cytolytic peptides for extracorporeal digestion process, proposing a “carpet” model-like mechanism of action (Kozlov et al., 2006; Dubovskii et al., 2008). Currently, studies with other latarcins including Ltc-3a from L. tarabaevi have demonstrated better antibacterial properties, through inhibition of E. coli ATP synthase with amidated C-terminal (Syed et al., 2018). In addition, the lycosin-I peptide from Lycosa singorensis also demonstrated the same mechanism of action on E. coli ATP synthase with amidated and carboxylated C-terminal (Amini et al., 2020).

Based on this, rationally designed peptide analogs with variations in physical–chemical parameters, such as charge, hydrophobicity, polypeptide chain length, and amino acid composition, can help to understand the mechanisms of interaction with specific pathogens, providing the peptides with multifunctional activities (Migliolo et al., 2012).

In view of the alarming growth of bacterial resistance and the risk that hospital infections represent for the world population, as well as the growing number of tumor cases, especially leukemias, an initial study of efficient and less invasive alternatives is necessary (Elsland and Neefjes, 2018). These protein compounds play an important role in the innate immunity of the host, making the peptides targets of studies for the development of multifunctional drugs (Yeung et al., 2011; Cervelló et al., 2022). The present work aims to construct bioinspired synthetic peptide analogs based on Ltc-3a against planktonic, and sessile pathogenic bacteria, besides hemocytes and leukemia tumoral cell lineages.



Materials and methods


Rational design

The α-helix region of 13 amino acid residues observed in the parent peptide Ltc-3a (NH2-MAKKLKEYMEKLK-COOH) was used as a model for the generation of the analogs. The region comprises 5–17 amino acid residues and was chosen for the physical–chemical modifications. Aiming to optimize the analogs, the helical wheel diagram was used to promote a rearrangement of hydrophilic and hydrophobic residues. The projections were built using the HeliQuest server (http://heliquest.ipmc.cnrs.fr/; Gautier et al., 2008). The ClustalW server1 was used to perform the analog sequence alignment (Thompson et al., 1994). To calculate the physicochemical properties, such as charge, hydrophobicity, and molecular mass, the Antimicrobial Peptide Database (APD) prediction tool was used (http://aps.unmc.edu/AP/main.php; Wang et al., 2016). The generation consists of three new peptides (Lt-MAP1, Lt-MAP2, and Lt-MAP3) that underwent reorganization of the hydrophilic and hydrophobic face, with two partial or total substitutions of alanines to leucines and glutamic acids to lysines, varying according to the analog. In addition, all peptide analogs maintained the maximum 30% of difference (approximately three residues modified) in the amino acid composition, when compared to the parent sequence (Livingstone and Barton, 1993).



In silico molecular modeling

The method was performed by the server I-TASSER2 using the comparative modeling method of the threading type, based on the hierarchical approach for predicting three-dimensional structures using templates obtained by aligning sequences deposited in the Protein Data Bank (PDBl https://www.rcsb.org/). The atomic models were built from iterative simulations, from an assembly of fragments based on templates (Yang et al., 2014). The validation of the models was performed based on the statistical data, expressed as C-score, Z-score, and root-mean-square deviation (RMSD) generated by the I-TASSER server. The results of the three-dimensional structures were visualized in the PyMol viewer version 2.3 (https://pymol.org/2/; DeLano, 2002).



Peptide synthesis and purification

The peptides were synthesized by the stepwise solid-phase method using the N-9-fluorenylmethyloxycarbonyl (Fmoc) strategy with a Rink amide resin (0.52 mmol.g−1; Merrifield, 1986). Couplings were performed with 1,3-diisopropylcarbodiimide/ 1-hydroxybenzotriazole (DIC/ HOBt) in N,N-dimethylformamide (DMF) for 60–120 min. Fmoc deprotections (15 min, twice) were conducted with 4-methylpiperidine:DMF solution (1∶4, by volume). Cleavage from the resin and final deprotection of side chains were performed with trifluoroacetic acid (TFA):water:1,2-ethanedithiol (EDT):triisopropylsilane (TIS), 94.0∶2.5∶2.5∶1.0, by volume, at room temperature for 90 min. After this, the crude product was precipitated with cold diisopropyl ether, collected by filtration and solubilized in 200 ml aqueous acetonitrile at 50% (by volume). The extracted peptide was twice freeze-dried for purification. Amino acid derivatives and other reagents for the solid-phase peptide synthesis were from Merck-Novabiochem (Whitehouse Station, NJ, United States), from Peptides International (Louisville, KY, United States), or from Sigma-Aldrich (St Louis, MO, United States).

For the next step, the peptides were purified by high performance liquid chromatography (HPLC) on a reversed-phase column RP-C18 4.6 mm × 250 mm in a flow of 1 ml.min−1, using the solvents (phase A = 0.1% TFA:H2O, phase B = CH3CN:H2O 9:1 with TFA 0.1%) and the detector was at 220 nm in a gradient from 5 to 100% in 25 min by Aminothec Company (Sorocaba, Brazil). All synthetic peptides after purification were lyophilized and then solubilized in ultra-pure water for in vitro assays.



Peptide sequencing

The sequences of the synthetic peptides were confirmed by Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI-ToF-MS; Pinto et al., 2016). The peptides were resuspended in ultra-pure water and mixed with saturated solution of α-cyano-4-hydroxycinnamic acid (10 mg.ml−1 in 50% acetonitrile, 0.1% trifluoroacetic acid) in the ratio of 1:3 (v:v) and then directly applied onto a massive plate. The samples were dried at room temperature and the monoisotopic mass spectra were acquired in reflected mode with a range of 700–3,500 m.z−1 with external calibration, and the MS/MS spectra were acquired using the MS/MS LIFT method (MALDI-TOF; Autoflex Speed, Bruker Daltonics, Bremen, Germany). The primary sequence of all synthetic peptides was determined manually using FlexAnalysis 3.3 software (Bruker Daltonics).



Minimum inhibitory concentration and minimal bactericidal concentration

The minimum inhibitory concentration MIC assays were performed with non-resistant (American Type Culture Collection—ATCC) and resistant (Klebsiella pneumoniae Carbapenemase—KPC+) strains of Acinetobacter baumannii (003324845—clinical isolate, Hospital Regional Asa Norte, Brasília), E. coli (ATCC 25922) and E. coli (KPC 001812446—clinical isolate, LACEN, Brasília), K. pneumoniae (ATCC 13883) and K. pneumoniae (KPC 001450421—clinical isolate, LACEN, Brasília), Pseudomonas aeruginosa (KPC 003321199—clinical isolate, LACEN, Brasília), Propionibacterium acnes (ATCC 51277), and Staphylococcus aureus (7133623—clinical isolate). The bacteria were plated on Mueller-Hinton-agar (MHA) plates and incubated at 37°C overnight. After that period, three colonies isolated from each bacterium were inoculated in 5 ml of Mueller-Hinton-broth (MHB) and incubated at 200 rpm, at 37°C, overnight. Bacterial growth was monitored by a spectrophotometer at 600 nm. MIC tests were performed using the 96-well microplate dilution method at the final bacterial concentration of 2–5 × 105 CFU.ml−1, as previously described in Clinical and Laboratory Standards Institute (CLSI, 2020, M100). The peptides were tested in concentrations ranging from 4 to 128 μg.ml−1. Ciprofloxacin was used as a positive control at the same concentrations as the peptides, while the bacterial suspension in MHB was used as a negative control. The microplates were incubated at 37°C for 18 h, and the readings were taken in a microplate Multiskan Go (Thermo Scientific) at 600 nm after the incubation time. MIC was determined to be the lowest concentration of peptide in which there was no significant bacterial growth. The replicates of 10 μl were taken from the microplate wells, plated on MHA, and incubated at 37°C for 24 h. The minimal bactericidal concentration (MBC) was determined as the lowest concentration of peptide in which no bacterial growth was detected. All experiments were carried out in biological and technical triplicates.



Minimal biofilm inhibitory concentration

Biofilm formation was obtained using Basal Medium 2 [BM2; 62 mM potassium phosphate, 7 mM (NH4) 2 SO4, 2 mM MgSO4, 10 μM FeSO4, and 0.4% glucose]. The bacteria A. baumannii (ATCC 001121216) and E. coli (ATCC 25922) were cultured for 18 h in MHB, after which cultures were diluted 1:100 (v:v) in BM2, and the bacterial suspensions were plated in 96-well round bottom plates containing the peptides in serial dilutions of 4–128 μg.ml−1. The microplates were incubated for 24 h at 37°C. Negative growth control contained only bacteria, whereas ciprofloxacin was used as the positive control at the same concentrations as the peptides. Planktonic cell growth was assessed using absorbance at 600 nm. To evaluate biofilm formation, the medium was removed from the microplates and the wells were washed twice with deionized water. Adherent cells were stained with 0.01% crystal violet for 20 min. Further, the wells of the microplate were washed twice with deionized water and air-dried, and the crystal violet adhered to cells was solubilized with 110 μl of 60% ethanol. Biofilm formation was measured using absorbance at 595 nm. All absorbance readings were performed with Multiskan Go (Thermo Scientific; Silva et al., 2022). All experiments were carried out in biological and technical triplicate.



In vitro hemolytic assay

The erythrocytes from Swiss mice Mus musculus were washed three times with 50 mM phosphate buffer saline (PBS), pH 7.4. The peptide solutions were added to the erythrocyte suspension (1% by volume) in a final concentration ranging from 4 to 128 μg.ml−1. Samples were incubated at room temperature for 60 min. Hemoglobin release was monitored by measuring the absorbance from the supernatant at 415 nm, using Multiskan Go (Thermo Scientific; Silva et al., 2022). Zero hemolysis (blank) was determined with suspended erythrocytes in the presence of 50 μM PBS, pH 7.4, whereas an aqueous solution of 1% (by volume) triton X-100 was used as a positive control (100% lysis of erythrocytes). This experiment was approved by the Ethics Committee (CEUA) of the Dom Bosco Catholic University under number 014/2018. Hemolytic assays were performed in triplicate.



Cells lines

For cell assays, human and murine leukemia cell lines were used; C1498 (murine myeloid leukemia), Jurkat (human acute T-cell leukemia), K-562 (chronic myeloid leukemia), Kasumi-1 (acute human myeloid leukemia), Raji (Burkitt’s lymphoma), and MOLT-4 (acute lymphoblastic leukemia), all were purchased from the Rio de Janeiro cell bank (BCRJ). After thawing, the cells were maintained in the Roswell Park Memorial Institute (RPMI) 1,640 culture medium. All strains were supplemented with 10% fetal bovine serum, 100 μg.ml−1 of penicillin and 100 μg.ml−1 of streptomycin and subcultured every 2 or 3 days. The strains, as cells in suspension, were removed from the culture flasks only with inversion in falcon tubes, then centrifuged, counted, and resuspended in a concentration of 105 cell.ml−1 in new culture medium and returned to the culture flasks. The cells were cultured in culture flasks and kept in an oven at 37°C and an atmosphere of 5% CO2.



Metabolic activity assessment

Cellular tests for screening and constructing concentration/ response curves of the peptides Ltc-3a and analogs Lt-MAP1, Lt-MAP2, and Lt-MAP3 were performed with resazurin dye (Präbst et al., 2017). The pre-selection of the compounds was carried out after 72 h of treatment and tested in a single concentration, 50 μM, in order to find the most promising peptides for further testing. Five thousand cells of the strains were seeded in 96-well plates in a final volume of 100 μl (105 cells.ml−1). The substances that produced approximately 60% of cell death were considered active. These criteria were adopted and adapted, based on the procedures of the National Cancer Institute (NCI-USA) in the investigation of natural substances with antitumor potential (Monks et al., 1991).

For the construction of the concentration/response curves and determination of the EC50, 24 h experiments were performed. Cells (105 cells.ml−1) from lines C1498 and K562 were seeded in 96-well plates in a final volume of 100 μl, and treated with the compounds (50, 25, 12.5, 6.25, and 3.12 μM). For reading the experiments at 24 and 72 h, a new culture medium with 5% resazurin was added to the wells, after removing the culture medium with the treatments. The cells were incubated for 4 h in an oven at 37°C. After the period, the 96-well plate were read on the FlexStation 3 microplate reader (Molecular Devices) with wavelengths of 560 and 590 nm of absorbance.



Statistical analysis

The statistical significance of the experimental results was determined by one-way Student’s t-test or one-way ANOVA followed by Dunnett’s test. Values of p > 0.01 and 0.001 were considered statistically significant. GraphPad Prism version 8.0 was used for all statistical analyses.




Results


Synthesis, purification, and mass spectrometry of the peptides

Ltc-3a (NH2-SWKSMAKKLKEYMEKLKQRA-COOH) is a non-selective cytolytic peptide, which has a α-helical structure with a hydrophobic moment of 0.575, +6 net charge, and 35% of hydrophobicity, with antimicrobial activity. For the new peptides, the region (5MAKKLKEYMEKLK17) of 13 amino acid residues, with +3 net charge and 38% of hydrophobicity and 0.699 of hydrophobic moment was selected due to the physicochemical characteristics and the α-helix conformation. The rational design intention was to increase the total net charge, adjust the hydrophobicity and reorganize the hydrophobic moment, keeping the α-helix. The new peptides were denominated Lt-MAPs, (Lt-MAP1, Lt-MAP2, and Lt-MAP3) due to the multiple activity observed.

For the first generation, Lt-MAP1, the amino acid residues at positions Met5, Met13, and Lys17 were replaced by Leu, Leu, and Val (NH2-LAKKLKEYLEKLV-COOH), allowing a reduction of the net charge to +2, conserving 35% of hydrophobicity, with amphipathicity organized with a hydrophobic moment of 0.740. For Lt-MAP2, residues Met5, Ala6, Met13, Glu14, and Lys17 were replaced by Leu, Ile, Leu, Lys, and Ile (NH2-LIKKLKEYLKKLI-COOH), promoting a net charge +4 and an increase in hydrophobicity to 46%, with the hydrophobic moment of 0.839. Lt-MAP3 shows modification in the residues Met5, Lys10, Glu11, Met13, Glu14, Leu16, and Lys17 for Leu, Ala, Lys, Leu, Lys, Ala, and Leu (NH2-LAKKLAKYLKKAL-COOH), with +5 net charge, increasing hydrophobicity to 53% and its hydrophobic moment to 0.701 (Table 1).



TABLE 1 Sequence of the parental peptide Ltc-3a and the analogs (Lt-MAP1, Lt-MAP2, and Lt-MAP3) with their emphasized physicochemical properties.
[image: Table1]

The rational design of the peptides was performed based on the reduction of the length of the primary sequence using the α-helix region of the AMP structure tridimensional. The punctual modifications were carried out in the sequence allowing the adjustment of the amphipathicity, charge, hydrophobicity, and hydrophobic moment of the peptides to the analogs. In addition, the helix diagram and structural model prediction were visualized demonstrating the electrostatic surface (Figure 1).
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FIGURE 1
 Rational design of latarcin (Ltc-3a) analog peptides. Initially, (A) reduction in the length of the primary sequence of the toxin; (B) Analogs peptides,Lt-MAP1, Lt-MAP2, and Lt-MAP3, with the three-dimensional structures and primary sequence of the AMP region represented by red: non-repeated amino acid residues in all analogs and blue: repeated amino acid residues shared between both analogs. (C) Front view for electrostatic surface of the analog’s peptides, and (D) Helix diagram comparing adjusted amphipathic and hydrophobic moment.


All synthetic peptides were C-terminus treated as a carboxylate group, after the synthesis and purification of the peptides, a mass spectrometry technique was performed, in order to confirm the real mass of the peptides as well as their purity. The purification profiles were evaluated and all synthetic peptides demonstrated a single isolated peak majority confirming their purity above 95% (Supplementary Figure 1). The molecular mass for Ltc-3a, Lt-MAP1, Lt-MAP2, and Lt-MAP3 was calculated by electrospray ionization (ESI) mass spectrometry and presented 2483.3, 1575.2, 1630.2, and 1488.0 Da, respectively (Supplementary Figure 2). In addition, the primary sequence for each synthetic peptide was confirmed using collision-induced dissociation by mass spectrometry MALDI-ToF/ToF (Bruker, German; Figure 2).
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FIGURE 2
 Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI-ToF MS/MS) spectra of the peptides indicating -y and -b series. (A) Ltc-3a, parental ion: 2483.283 m.z−1; (B) Lt-MAP1, parental ion 1574.707 m.z−1; (C) Lt-MAP2, parental ion: 1629.962 m.z−1; and (D) Lt-MAP3, parental ion: 1488.123 m.z−1. The data were acquired in LIFT mode and the sequences were determined manually.




In silico molecular modeling and alignment

The analogs peptides were aligned using the ClustalW server for comparison with the model sequence, allowing the visualization of amino acid substitutions. The identity and difference were calculated for each analog, based on the alignment with parental fragment sequence, the analog peptides have an identity when compared to the sequence of parental peptide, the analogs obtained an identity of 76.9, 61.5, and 46.6% to Lt-MAP1, Lt-MAP2, and Lt-MAP3.

The predictions of the three-dimensional structure of the Ltc-3a peptide and Lt-MAPs showed that these compounds tend to assume α-helix conformation, with some analogs having a short random tail at their terminals. The Iterative Threading Assembly Refinement (I-TASSER) server, when comparing analogues structures present in the PDB database, performs a hierarchical approach to protein structure and function prediction.

Initially, there is the identification of structural models of the PDB using the LOMETS multiple chaining approach, with complete atomic models built by simulations of assembling iterative model fragments. The discoveries made by the chaining of 3D models generate the function of the BioLIP protein, generating analytical data, such as the three-dimensional models and RMSD, C-score, and Z-score (Supplementary Table 1).



In vitro analysis


Antibacterial activity

Micro dilution tests were performed to determine the synthetic peptide capacity to reduce bacterial growth. Ltc-3a demonstrated a low activity spectrum compared to most of the tested bacteria, except for A. baumannii, P. aeruginosa, and K. pneumoniae, which MIC was 4, 128, and 128 μg.ml−1, respectively. Although Ltc-3a has not been demonstrated MIC for the bacteria tested here, it was possible to detect growth inhibition of 37 and 42%, respectively for E. coli ATCC and KPC, with the value of 128 μg.ml−1 for both strains (Table 2).



TABLE 2 Minimal inhibitory concentrations (MIC) and minimal biofilm inhibitory concentrations (MBIC) of latarcin-3a and its analogs Lt-MAPs, against Gram-negative and -positive bacteria strains.
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The results observed for the first generation of peptides demonstrated that Lt-MAP1 showed no activity against any tested bacterial strain. In contrast, the Lt-MAP2 MIC for Gram-negative bacteria was effective against A. baumannii, K. pneumoniae (ATCC 13883), K. pneumoniae (KPC 001450421), and P. aeruginosa, presenting values of 8, 32, 64, and 128 μg.ml−1, respectively. For Lt-MAP3, activity was observed against A. baumannii, E. coli (both strains), and K. pneumoniae (ATCC 13883), presenting values of 128, 64, and 32 μg.ml−1, respectively (Table 2).

In contrast, the MIC results for Gram-positive bacteria demonstrated that peptide Lt-MAP2 has no activity against S. aureus, but it was active against P. acnes with an MIC value of 64 μg.ml−1. In addition, peptide Lt-MAP3 demonstrated a MIC value of 128 and 16 μg.ml−1 against S. aureus and P. acnes, respectively (Table 2). MICs are confirmed by bactericidal tests and are available to A. baumannii and P. aeruginosa (Supplementary Figure 3), to E. coli ATCC and E. coli KPC (Supplementary Figure 4), to K. pneumoniae ATCC and K. pneumoniae KPC (Supplementary Figure 5), and to S. aureus and P. acnes (Supplementary Figure 6).



Anti-biofilm activity

Among the bacteria available, two strains were able to form biofilm for carrying out the experiments, namely A. baumannii and E. coli (ATCC 25922). For the first time in the literature, this article describes the antibiofilm activity for the parent peptide Ltc-3a, with values of 32 and 16 μg.ml−1, for A. baumannii and E. coli, respectively (Figure 3). For the synthetic designed peptides, Lt-MAP1 only presented activity against E. coli at a concentration of 128 μg.ml−1, and Lt-MAP2 and Lt-MAP3 were active against both strains described, with 128 and 64 μg.ml−1 for A. baumannii and E. coli, respectively (Table 2).
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FIGURE 3
 Antibiofilm activity of Ltc-3a peptides and their analogs, Lt-MAP1, Lt-MAP2, and Lt-MAP3 at 128–4 μg.ml−1 concentrations. (A) Acinetobacter baumannii—ATCC; (B) Escherichia coli—ATCC. Values are means ± Phase Dispersion Minimization of three repetitions. *symbol is statistically significant. (*) p  > 0.01 and (**) p  > 0.001.




Hemolytic activity

For the peptides tested, the concentration and percentage of hemolysis were evaluated for Ltc-3a, presenting 80% of hemolysis in 128 μg.ml−1. On the other hand, analogs Lt-MAP1, Lt-MAP2, and Lt-MAP3 did not demonstrate a significant hemolysis rate (below 20% of hemolysis) between 4 and 128 μg.ml−1. Only the parental peptide Ltc-3a demonstrated statistically significant hemolytic activity to calculate EC50, which showed a value of 127 μg.ml−1. The hemolytic activity of each peptide is available (Supplementary Figure 8).



Antitumor activity

The cytotoxic activity of the peptides was evaluated at 50 μM for 72 h for initial screening. Tumor hematological lines C1498 (murine myeloid leukemia), Kasumi-1 (acute human myeloid leukemia), K562 (chronic myeloid leukemia), MOLT4 (acute lymphoblastic leukemia), Jurkat (human acute T cell leukemia), and Raji (Burkitt’s lymphoma) were used. In general, the peptides had more effect on the myeloid strains. For the first time, this article describes the anti-leukemia activity for the parent peptide Ltc-3a, which demonstrated cell viability rates of 20.5, 10 and 30% for C1498, Kasumi-1 and K562 cell lines, respectively. Among the analogs, the most promising were Lt-MAP2, obtaining a reduction in viable cells of 18% for C1498 and 5% for Kasumi-1. Lt-MAP1 and Lt-MAP3 were not selected in the cell viability test, as they did not obtain cytotoxic activity against tumor cells at the concentration tested, available in Supplementary Figure 9.

After selecting the most active peptides (Ltc-3a and Lt-MAP2) in strains C1498 and K562, concentration-response curves were performed after 24 h of treatment. From the curves, Emax and EC50 were calculated. The curves show a low activity in the K562 line, showing better activity in the C1498, when compared to the other strain tested; both peptides were more active at the concentration of 50 μM. The peptide Lt-MAP2 showed the highest activity (Emax) in C1498 and K562 lines, respectively, which also corresponded to the highest observed potency (EC50), however, when compared with the commercial antineoplastic drug, daunorubicin, was observed more efficient than the peptides, promoting a reduction the tumor cell viability at concentrations 50 and 25 μg.ml−1 for C1498 and K562, respectively (Supplementary Table 2).





Discussion

Bacterial and hospital infections linked to bacterial resistance are responsible for the death of many people worldwide (Agyepong et al., 2018). There are also numerous diseases caused by disorders of the human organism itself, such as tumors (Deslouches and Di, 2017). There is a need to discover and develop new compounds with biotechnological therapeutic potential, to combat bacterial resistance as well as tumor cells.

Antimicrobial peptides are frequently and persistently studied and have proved to be excellent candidates in the combat and control of microorganisms. Many of these have a wide spectrum of biological activities, denominated promiscuous, or multi-active peptides (Silva et al., 2011). The biological activity of peptides is considered a major factor in implementing new medicines (Pfalzgraff et al., 2018).

Works using rational design of antimicrobial peptides can be a useful tool for the development of new biotechnological alternatives for the treatment of several pathologies (Chen and Lu, 2020).

In the literature, numerous works are described using rational design techniques, with modifications in the primary peptide sequence for different applicability (Lima et al., 2021). An example is the synthetic peptide Pa-MAP2, derived from the polar fish Pleuronectes americanus, an alanine-rich multifunctional palindromic compound that has antibacterial, antifungal, antiviral, antitumor, and antifreeze activity, with MICs at concentrations of 3.2 μM (Migliolo et al., 2016).

Another study carried out with snake-derived toxins developed two new rationally designed synthetic helical peptides, BotrAMP14 and CrotAMP14 derived from batroxicidin and crotalicidin, respectively. The redesign of the peptide sequences enabled broad-spectrum antibacterial activity against susceptible bacteria and clinical isolates at concentrations of 2–35.1 μM, acting as membrane disruptors (Oliveira et al., 2020).

Peptides from the dermaseptin family derived from anuran cutaneous secretion are one of the most studied in recent years. A study with dermaseptin-AC from Agalychnis callidryas designed two synthetic analogs, DRP-AC4a and DRP-AC4b, one increasing the charge and another the hydrophobicity, respectively. Both analogs obtained an increase in the spectrum and antibacterial activity and hemolytic activity reduction, when compared to the natural peptide (Gong et al., 2020).

L1G, L7a, and L1GA5K are analogs derived from mastoparan-C peptide from Vespa crabro. The peptides were developed to reduce hemolytic activity and maintain selectivity for pathogenic cells. The result showed activity against rifampin-resistant Gram-negative bacteria (Zhu et al., 2021). IG-13-1 and IG-13-2, analogs derived from human antimicrobial peptide LL-37, showed inhibition of biofilm formation and bacterial strains of Streptococcus mutants (Chen et al., 2019).

Understanding the relationship between the amino acid residue distribution and the three-dimensional structure can be the key to the development of synthetic AMPs (Migliolo et al., 2016). In general, AMPs share common characteristics, such as positive net charge and amphipathicity (Takahashi et al., 2010).

Peptide Ltc-3a is an example of these characteristics shared among peptides deposited in the APD (Wang et al., 2016). Found in the venom of the spider L. tarabaevi, Ltc-3a has a length of 20 aa (NH2-SWKSMAKKLKEYMEKLKQRA-COOH), and it is a cytolytic peptide with net charge +6, hydrophobic of 35%, hydrophobic moment of 0.575 and molecular mass of 2483.3 Da, assuming a random structure in water and an α-helix in membrane environments, which gives it selectivity for different cell types (Kozlov et al., 2006). The same peptide is also present in the scorpion venom of the genus Centruroides and demonstrated activity against E. coli and S. aureus (Garcia et al., 2013).

The latarcin family of peptides is characterized by a strong cationic charge (+2 to +10) and a distribution of hydrophilic and hydrophobic residues that favors amphipathicity as well as an α-helix formation in the membrane microenvironment (Kozlov et al., 2006; Dubovskii et al., 2015). The analogs were designed based on the 5MAKKLKEYMEKLK17 region, seeking to maintain similarity in the primary sequence and in the conformation.

Amino acids such as methionine and alanine were replaced by leucines and isoleucines, residues with an aliphatic side chain. One of the objectives for rational design is increase of chance to construct a molecule with pharmacological potential in the future. For this the Ltc-3a toxin, was modified to increase hydrophobicity based on the Eisenberg scale, using amino acid residues that contained only carbon atoms in their side chain and favored the formation of an α-helix structure (Eisenberg et al., 1982). Furthermore, the distribution of leucines along a hydrophobic face was a crucial decision, because studies indicate that the presence of four leucines distributed on the hydrophobic face of the latarcin (Ltc-1) from L. tarabaevi peptide plays a fundamental role in its insertion in membrane mimetic models and also for its antiviral activity (Dubovskii et al., 2008; Rothan et al., 2014). Aliphatic nonpolar agents such as alanines and leucines favor the formation of α-helices; in addition, the leucine and isoleucine side chains can be more easily anchored in the hydrophobic portion of the membrane (Migliolo et al., 2016).

For example, the peptide latarcin-1 (NH2-SMWSGMWRR KLKKLRNALKKKLKGE-COOH) also present in the spider toxin L. tarabaevi has in its primary sequence four leucines in positions 11, 14, 18, and 22, which contribute to the formation of an amphipathic α-helix structure in membrane environments. In addition, it has a hydrophobic N-terminal composed of two aromatic residues (Trp3 and Trp7) of high hydrophobic potential when compared to the aliphatic nonpolar residues. These residues promote the α-helical stability of the peptide latarcin-1 in a biphasic environment, such as cell membrane (Dubovskii et al., 2008).

Changes in the primary sequence of a peptide caused by adding non-polar aliphatic and/ or aromatic residues result in a direct increase in hydrophobicity potential (Chen and Lu, 2020). This factor should not be very high due to the greater probability of interaction with zwitterionic phospholipids, common in eukaryotic cells, resulting in an increase in cytotoxic and hemolytic activity (Tossi et al., 2000).

Lt-MAP1 and Lt-MAP2 showed greater hydrophobicity when compared to the parent peptide. Although both analogs have the same hydrophobicity percentage, only Lt-MAP2 showed antimicrobial activity. Thus, we can see that changes in hydrophobicity alone are not sufficient to optimize the antibacterial activity of the projected peptides, since their primary sequences have a high identity with latarcin-3a.

However, the analog Lt-MAP3 showed even greater hydrophobicity, standing out even more in antibacterial activity, but we must consider the charge factor, which is higher when compared to Lt-MAP1 and Lt-MAP2.

The net charge is also an important factor and contributes to the antimicrobial activity of the peptides. Takahasshi and co-workers stated that there is an exaggerated frequency of cationic antimicrobial peptides, and this characteristic is common due to the presence of lysine and arginine residues, while anionic amino acids, such as aspartate and glutamate, are not common (Takahashi et al., 2010).

Antimicrobial peptide studies have shown that an increase in net charge reflects cytotoxic activity and loss of cellular selectivity toward bacterial membrane components (Takahashi et al., 2010; Silva et al., 2022). In addition, amphipathic deformations, resulting from reduced hydrophobicity, contribute to selectivity and interaction with anionic membranes of pathogens and tumor cells (Gagnon et al., 2017; Mas et al., 2017).

The analogs, Lt-MAP1 and Lt-MAP2, have a lower cationic charge than latarcin-3a. Lt-MAP1 has two glutamic acid residues (Glu7 and Glu10) and Lt-MAP2 has one (Glu7), both positioned on the α-helix hydrophilic face. The presence of anionic residues implies the theoretical neutralization of cationic residues resulting from the subtraction of charges.

Seeking to maintain the identity between the analogs and the parent, it was proposed that the glutamic acids remain in Lt-MAP1, resulting in a +2 charge, while in Lt-MAP2 there was a substitution of Glu10 for a lysine, allowing an increase in the charge to +4, but still maintaining a strong identity of 50 and 40% when compared to the native.

Keeping the acid residues in Lt-MAP1 resulted in low antibacterial activity, with no minimum inhibitory concentration determined against bacteria tested. However, as observed in Lt-MAP2, the increase in charge to +4 may have favored peptide-membrane interactions, resulting in cell death.

Lt-MAP3 differs from the other analogs and from the native in that it does not present acid residues, with presence of just lysines. This has shown a noticeable improvement in the antibacterial activity of both peptides, Lt-MAP1 and Lt-MAP2.

Gomesin can be considered an example that peptides can act at lower molar concentrations than antibiotics and their advantages to bacterial resistance (Silva et al., 2000). Studies show the activity of gomesin against Gram-negative and -positive bacteria with MICs ranging from 0.4 to 1.2 μM, while the antibiotic amphotericin-B did not obtain antimicrobial activity against strains of Micrococcus luteus, S. aureus, E. coli, and P. aeruginosa (Ayroza et al., 2012).

Another study carried out with a rational design of synthetic peptides derived from temporin-PTa, a toxin from the anuran Hylarana picturata, also proved to be better than the antibiotic, when compared to its micromolar concentration in a range of 2.8–98 μM and broad spectrum of antibacterial activity, such as E. coli, K. pneumoniae, A. baumannii, and Methicillin-resistant S. aureus (Silva et al., 2022).

Regarding antitumor activity, recent studies have confirmed the effectiveness of these compounds in combating tumor cells. Tumor cells usually show an increase in the levels of phosphatidylserine on the membrane surface when compared to normal cells, which can result in an interaction target for cationic amphipathic peptides, making these compounds an effective and selective source of antitumor agents and that have some mechanism of resistance (Deslouches and Di, 2017).

The discovery of compounds with antibiofilm activity is recent and few peptides derived from spiders are described with this type of functionality, according to the APD database, many have activity against planktonic bacteria, however further studies are needed (Wang et al., 2016). Among these, we can mention Lycosin-II, present in the toxin of the spider Lycosa singoriensis, active against biofilms of multidrug-resistant bacteria such as oxacillin-resistant S. aureus and meropenem-resistant P. aeruginosa (Oh et al., 2022).

The latarcins peptide family does not describe this type of activity for any of the peptides present in the APD database (Dubovskii et al., 2015), and the result of this article is an unprecedented description for Ltc-3a, active against A. baumannii and E. coli strains. The other synthetic peptides also showed promise for combating biofilm-forming strains, revealing a new perspective for approaching antibiofilm tests with peptides derived from spiders.

In the literature, peptides derived from spiders that have antitumor activity are poorly described. An example is gomesin, which is a cationic and multi-active peptide with a β-sheet structure, a net charge +6 and 18 amino acid residues (NH2-QCRRLCYKQRCVTYCRGR-COOH). It has activity against several types of bacteria and antitumor activity, derived from the hemolymph of the spider Acanthoscurria gomesiana (Silva et al., 2000).

More recent studies dealing with peptides derived from the spider L. tarabaevi toxin demonstrated that Latarcin-2a (Ltc-2a), with a net charge of +9 and 26 amino acid residues (NH2-GLFGKLIKKFGRKAISYAVKKARGKH-COOH) chain, with has antitumor activity against the erythroleukemia cells of the K562 strain EC50 in 3.3 μM and in erythrocytes EC50 in 3.4 μM (Vorontsova et al., 2011).

When we compare the synthetic peptides Lt-MAPs with Ltc-3a and Ltc-2a, we can observe that in this case, the natural peptides have better activity and greater spectrum of action in different strains, however, both have high toxicity for erythrocytes, while the analogs, mainly Lt-MAP2 was shown to have a higher affinity to C-1498 and K562 strains and low toxicity to normal red blood cells.

In addition, studies have shown antitumor activity in Ltc-1 against tumor cell lines (HEPG2 and MCF-7), inhibiting cell proliferation in a dose-dependent manner, reaching higher inhibitory potential at a concentration of approximately 200 μM (Rothan et al., 2015). When comparing Ltc-1 with Ltc-3a, we observe that the concentration to obtain max activity is lower, 156.4 and 148.8 μg.ml−1 (51 and 74.4 μM) for the K562 and C1498 strains, while for the Lt-MAP2 analog, the values are similar to the parental with 129.6 and 177.4 μg.mL−1, respectively, (64.8 and 88.7 μM).

The commercial antineoplastic drug daunorubicin was more effective than Ltc-3a and its analog Lt-MAP2 on concentration-response curves, promoting inhibition of cell viability at lower concentrations than peptides. However, drugs belonging to the anthracycline class, such as daunorubicin and doxorubicin, have a number of proven side effects to the body, as cardiotoxicity (Cruz et al., 2016).

In addition, anthracyclines, which act as enzyme topoisomerase II inhibitors, form free radicals inside the cell, that result in cell death by apoptosis or necrosis (McGowan et al., 2017). In contrast, a study carried out with doxorubicin demonstrated the hemolytic potential that anthracyclines can cause in blood cells, showing that despite its efficiency in the treatment of tumor cells, it can still cause side effects to patients (Santos et al., 2018).

The division between hydrophilic and hydrophobic residues positioned along the α-helix structure gives the peptides an amphipathic character, enabling interaction with pathogenic membranes (Migliolo et al., 2016). Variations in these parameters interfere with cell selectivity and can simultaneously increase antibacterial and cytotoxic activities (Takahashi et al., 2010).

The hydrophobic moment, acting in conjunction with hydrophobicity and the cationic liquid charge, are parameters that can confer the formation of α-helical conformations in membrane environments to which they are attracted by electrostatic interactions, enabling an improvement in antimicrobial activity (Migliolo et al., 2016).

Latarcin-3a interacts easily with the membranes, due to its α-helical structure, which has a well-defined amphipathicity, with a hydrophobic moment of 0.575. The analogs remained similar to the native, showing amphipathic character; however, there was an increase in the hydrophobic moment of 0.740, 0.839, and 0.701, respectively. The predictions of the three-dimensional structure of the analogs are within the reliability values of the structural homology, and all analogs can assume the α-helix conformation.

When carrying out purification and identification studies for the peptides present in the toxin, Kozlov et al. (2006) carried out an alignment study between the sequences of the latarcins found in the venom of the L. tarabaevi spider. Thus, we can suggest that the presence of residues such as tryptophan, phenylalanine, leucine, lysine, and tyrosine are essential for preserving latarcin’s biological activities.

Rational design techniques that promote size reduction and cytotoxicity for the development of promiscuous peptides with different interaction targets can affect large-scale production. Many natural peptides are not only selective for pathogens, but also for normal human cells, for example, oxyopinin-1 from the spider Oxyopes kitabensis, which has antibacterial activity and promotes blood cell hemolysis (Garcia et al., 2013).

In the literature, the cytotoxicity against mammalian cells that peptides derived from spider toxin present is well described (Gautam et al., 2014; Wang et al., 2016). Some of these peptides have high toxicity, among them we can mention oxyopinin-4 with EC50 at 7 μM (Dubovskii et al., 2011). Other peptides from the latarcins family, such as Ltc-1, Ltc-2a, and Ltc-5 also have strong toxicity to human and murine erythrocytes (Kozlov et al., 2006; Dubovskii et al., 2015; Wang and Wang, 2016).

The rate of hemolysis and cytotoxicity is a crucial factor in the development of new synthetic peptides, being of great importance in the removal or reduction of this characteristic, when the objective is to develop new drugs, which can be achieved through modifications/substitutions of amino acids along the primary sequence, altering parameters of physicochemical characteristics such as net charge and hydrophobicity (Takahashi et al., 2010; Wang et al., 2021).

The analogs developed in this work did not demonstrate high rates of hemolysis, being below 20% at the highest concentrations tested, as observed in the results, in contrast to the parental peptide Ltc-3a, where its cytotoxicity and hemolytic potential are described (Kozlov et al., 2006).

When comparing the amino acid composition of the developed peptides, it was possible to observe interesting differences between them, which are reflected in their biological activity. Among Lt-MAP1 and Lt-MAP2, we could observe some amino acid residues replacements as Ala2, Glu10, and Val13 in Lt-MAP1 by Ile2, Lys10, and Ile13 in Lt-MAP2. Those changes promote an increase of positive charge, but mainly of the hydrophobicity thus as hydrophobic moment, which allowed Lt-MAP1 to be selective to E. coli biofilms and in addition, hemolytic. In contrast, Lt-MAP2 presented antibacterial, anti-biofilm, and antitumor activities and not hemolytic activity.

Ma and collaborators evaluated the leucine repetition for LRR1 and LRR2, synthetic peptides developed from a de novo design. Their results demonstrated that these residues can favor the peptide anchoring on mimetic cell membranes as a result of hydrophobic increase (Ma et al., 2013).

Furthermore, the residues replacements for Lt-MAP1 and Lt-MAP3 were Lys6, Glu7, Glu10, Leu12, and Val13 in Lt-MAP1 by Ala6, Lys7, Lys10, Ala12, and Leu13 in Lt-MAP3. That also promoted an increase of positive charge but maintains both, hydrophobicity and hydrophobic moment. Lt-MAP3 presented antibacterial activity against Gram-negative and -positive bacteria and biofilm, but no antitumoral activity nor hemolysis. Another observation was that alanine promoted an improvement in the amphipathicity due to favoring of the α-helices formation.

Park and collaborators showed that the substitution of alanine or lysine within the leucine zipper motif in the pseudin-2 sequence suggested an increase in the selectivity of the microorganisms’ membranes (Park et al., 2020). In addition, alanine-rich peptides are more likely to form a helix (Zhuang et al., 2021).

Lastly, the difference between Lt-MAP2 and Lt-MAP3 amino acid residue replacements were for Ile2, Lys6, Glu7, Leu12, and Ile13 in Lt-MAP2 by Ala2, Ala6, Lys7, Ala12, and Leu13 in Lt-MAP3. That promoted an increase of positive charge, decreasing the hydrophobicity and the hydrophobic moment, but the latter smoothly. In addition, it was also observed that alanines have an important role in the amphipathicity. These modifications resulted in the evident multifunctionality for Lt-MAP2.

The substitution of glutamic acid by lysine favored an increase of charge, directly implicating cell selectivity in the synthetic peptides S3E3 and S3E3A, developed from the S3 peptide derived from the lipopolysaccharide-binding site of factor C protein, present in horseshoe crab’s hemolymph (Sepahi et al., 2020).



Conclusion

The peptide analogs developed to provide better antimicrobial activity when compared to the parent latarcin-3a. The best ones were Lt-MAP2, effective against bacteria and tumor cells, and Lt-MAP3, active against resistant and non-resistant bacterial strains. Antimicrobial promiscuous peptides have proven to be excellent candidates for the development of alternative bioactive compounds to combat and control bacteria and tumor cell lines.
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Staphylococcus aureus (S. aureus) is a Gram-positive pathogenic bacterium, which persistently colonizes the anterior nares of approximately 20–30% of the healthy adult population, and up to 60% is intermittently colonized. With the misuse and overuse of antibiotics, large-scale drug-resistant bacteria, including methicillin-resistant S. aureus (MRSA), have been appeared. MRSA is among the most prevalent pathogens causing community-associated infections. Once out of control, the number of deaths caused by antimicrobial resistance may exceed 10 million annually by 2050. Antimicrobial peptides (AMPs) are regarded as the best solution, for they are not easy to develop drug resistance. Based on our previous research, here we designed a new antimicrobial peptide named GW18, which showed excellent antimicrobial activity against S. aureus, even MRSA, with the hemolysis less than 5%, no cytotoxicity, and no acute toxicity. Notably, administration of GW18 significantly decreased S. aureus infection in mouse model. These findings identify GW18 as the ideal candidate against S. aureus infection.
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Introduction

Staphylococcus aureus (S. aureus), an opportunistic pathogen, has caused a wide range of severe clinical infections all over the world every year, which resulted in a huge burden to the health care system and seriously threatened the human health (Monaco et al., 2017). Infection of S. aureus may involve any part and organ of the body (Turner et al., 2019), which is the main causes of skin and soft tissue infections (Vella et al., 2021), bacteremia (Kwiecinski and Horswill, 2020), infective endocarditis (Wang et al., 2018), bone joint infections(Bouiller et al., 2020), and pleural lung related infections(Kanellakis et al., 2022).

First introduction of penicillin and methicillin show the good therapeutic effects on the infection of S. aureus, while the massive introduction of these antibiotics quickly leads to the emergence of antibiotics resistant strains (Chambers and Deleo, 2009). Despite the advent of vancomycin alleviating this situation (Rybak et al., 2020), vancomycin-resistant strains have been also identified with the massive use of vancomycin, and major vancomycin toxicities have been reported in the literature - in particular, nephrotoxicity and ototoxicity (Marsot et al., 2012). The widespread threat of antibiotics resistant strains forced researchers to identify and design new antimicrobial drugs.

Antimicrobial peptides (AMPs), kinds of polypeptides with antibacterial activity produced by organisms to resist the invasion of external pathogens (Mwangi et al., 2019a), are considered as the most promising choices for next-generation antibiotics due to their excellent antimicrobial activities and low tendency to induce resistance. Although many antimicrobial peptides have been identified and entered clinical trials, so far, few antimicrobial peptides have been approved by the US Food and Drug Administration (FDA) due to toxicity, stability, short half-life and high price (Chen and Lu, 2020).

Our previous studies have identified an antimicrobial peptide cathelicidin-BF from snake venom of Bungarus fasciatus, which exhibits potent, broad spectrum, salt-independent antimicrobial activities (Wang et al., 2008). After 10 years of efforts, cathelicidin-BF has been authorized to start clinical trials in 2018 (approval number CXHL1700235 from the Chinese National Medical Products Administration) for the treatment of colpitis caused by bacteria infection. Furthermore, a panel of synthetic AMPs based on cathelicidin-BF have been designed, which show potent antimicrobial activities with greater selectivity and security (Jin et al., 2016; Fang et al., 2019; Mwangi et al., 2019b). On this basis, here we designed a new antimicrobial peptide named GW18. Through the antibacterial activity screening, GW18 exhibited excellent antimicrobial activity against S. aureus, even MRSA, with little hemolysis and cytotoxicity.



Materials and methods


Bioinformatics analysis

Physical and chemical parameters of the GW18 was analyzed through ExPASy Bioinformatics Resource Portal.1 The helix-wheel structures of the peptides were constructed by HeliQuest.2 The multiple sequence alignment analysis of these antimicrobial peptides were analyzed using DNAMAN software.



Peptide synthesis

GW18 (GWGAKRWGKRGWKWKRHW) and GK18 (GKRGWKRFKGAKWKRTWH) used in this experiment were synthesized by GL Biochem (Shanghai, China) with a purity of more than 95%, which was confirmed by reversed phase high-performance liquid chromatography (RP-HPLC) and mass spectrometry.



Mice

Male C57BL/6 mice aged 6–8 weeks were purchased from Skbex Biotechnology Co. Ltd. (Henan, China). The study and all the animal experiments were approved by the Institutional Review Board and Animal Care and Use Committee at Kunming Institute of Zoology (IACUC-RE-2022-08-007).



Bacteria strains preparation and growth conditions

The standard strain of Staphylococcus aureus (S. aureus, ATCC6538), Escherichia coli (E. coli, ATCC25922), Pseudomonas aeruginosa (P. aeruginosa, ATCC9027), Acinetobacter baumannii (A. baumannii, ATCC19606) and Candida albicans (C. albicans, ATCC/0331) used in this experiment was purchased from the microbial strain collection center of Guangdong Province. The methicillin resistant strain of Staphylococcus aureus (MRSA, SAZ) and clinically isolated antibiotic-resistance strains (SA115775 and SA15192) were clinically isolated from the First Affiliated Hospital of Kunming Medical University. The strains of C. albicans were cultured in 1/3 YM Medium (HB0297-1) + 2/3 RPMI 1640 medium (10-040-CVR, Corning), and other bacterial strains were cultured in Luria-Bertani (LB: 2 g tryptone, 1 g yeast extract, 2 g sodium chloride and 200 ml deionized water) broth.



In vitro antimicrobial testing

MICs (minimal inhibitory concentration) of GW18 and clinical antibiotics (vancomycin, methicillin, colistin and fluconazol) were determined using broth dilution determination as our previous methods (Zhang et al., 2013). Briefly, bacteria strains were diluted and adjusted to the concentration of 2 × 105 CFU/ml using RPMI 1640 medium. Samples were prepared as a stock solution in saline, and then diluted to a series of concentrations. 100 μl bacterial suspension and 100 μl samples at the indicated concentration were put together in 96-well plates and incubated at 37°C for 16 h. Finally, an absorbance at 600 nm was measured by a microplate reader to estimate bacterial growth. The MIC was defined as the lowest concentration where the bacterial growth could not be detected completely.



Hemolysis and cytotoxicity assays

To evaluate possible side effects of GW18, red blood hemolysis and cytotoxicity assays were performed according to the methods as described in previous report with minor modifications (Wei et al., 2020). For hemolysis assay, human mature red blood cells were repeatedly washed with saline for 3 times, and then resuspended in saline. 100 μl human red blood cell suspension was incubated with 100 μl of GW18 at different concentrations ranging from 0 to 169.01 μM. After incubation for 30 min at 37°C, the cells were centrifuged (3,500 rpm, 5 min) and the absorbance of the supernatant was measured at 540 nm. The value for “zero hemolysis” was determined using sterile saline (negative control), while 100% hemolysis was established using 1% (v/v) Triton X-100 (positive control). Hemolysis of testing sample was calculated as the percentage of Triton X-100-induced hemolysis.

Cytotoxicity was determined using HEK293T cells from Cell Bank of Kunming Institute of Zoology, Chinese Academy of Sciences. Briefly, HEK293T cells (1 × 105 cells) were plated into 96 well plates and cultured with Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 10% Fetal Bovine Serum (FBS) and penicillin (100 U/ml)-streptomycin (100 μg/ml) at 37°C in a humidified 5% CO2 atmosphere. After 24 h incubation, fresh medium with GW18 at different concentration (1.32–169.01 μM) was added to the wells and incubated for another 24 h under same conditions. Cell viability was determined by adding 10 μl CCK8 in to the cell and incubated for 2 h. The absorbance at 450 nm of the solution was measured with a microplate reader. The experiments were conducted in triplicate, and 10% DMSO was considered as the positive control.



In vivo acute toxicity assay

Male C57BL/6 mice aged 6–8 weeks were randomly divided into 2 groups with 10 mice in each group. GW18 (20 mg/kg and 40 mg/kg) were injected into the tail vein (intravenous injection), respectively. Then the death of mice was recorded at 12 h, 24 h, 36 h, 48 h, 60 h and 72 h, respectively.



Bacterial killing kinetic assay

The bacterial killing kinetic assay was performed according to the previous method with minor modifications (Wei et al., 2015). S. aureus (ATCC6538) and methicillin resistant strain of Staphylococcus aureus (MRSA, SAZ) were washed three times with saline and then resuspended with RPMI 1640 medium containing 10% FBS at the concentration of 2 × 105 CFU/ml. GW18 (1, 5, 10 × MIC) or vancomycin (1, 5, 10 × MIC) was added to the bacterial suspension and incubated at 37°C for 0, 15, 30, 60, 120 and 240 min, respectively. Ten microliter aliquots were extracted at each time point and diluted with fresh broth for 100 times, 100 μl of the dilution was seeded on agar plates. After incubation at 37°C for 24 h, the viable colonies were determined.



Staphylococcus aureus intraperitoneal infection model

S. aureus (ATCC6538) and methicillin resistant strain of Staphylococcus aureus (MRSA, SAZ) were resuspended by saline with the concentration of 1 × 109 CFU/ml. Male C57BL/6 mice aged 6–8 weeks were randomly divided into six groups as below: saline treatment group, vancomycin groups (2 mg/kg and 4 mg/kg), GW18 groups (2 mg/kg, 4 mg/kg and 8 mg/kg), and were intraperitoneally injected with 200 μl S. aureus or MRSA-Z, respectively. 2 h later, samples were intraperitoneally injected with the concentration indicated. After 4 h of administration, mice were sacrificed, blood was collected via retro-orbital bleeding and lungs were harvested and homogenized in 1 ml of saline with a hand tissue grinder. 10-fold serial dilutions of the homogenates and blood were made in pyrogen-free NaCl and equal volumes were plated on LB agar plates and incubated at 37°C. CFU were counted after 24 h.



Effects of human plasma on GW18 antibacterial activity

We determine The stability of GW18 In human plasma according To The previously reported method (Mwangi et al., 2019b). Briefly, GW18 (final concentration 4.23 mM) was mixed with 100% human plasma for 0, 0.5, 1, 2, 4, 6, 8 and 10 h at 37°C, respectively. Residual antibacterial activity for each incubation time point was evaluated by disk diffusion assay. In brief, bacteria were seeded on nutrient agar plates, 6 mm paper disks were placed on top and 10 μl aliquots of the plasma-peptide mixture was added to the paper disks. After 24 h incubation, the inhibitory zones against S. aureus (ATCC6538, MRSA-Z, SA15192, SA115775) were measured and recorded.



Plasma stability assay

To test the stability of GW18 after exposure in plasma, the peptide was first diluted in human plasma to a final concentration of 4.23 μM. After incubation for 0, 2, 4, 6, 8 and 10 h at 37°C, an aliquot of 10 μl sample was taken for protein precipitation with an equal volume of 4% H3PO4, the mixture was vortex-mixed for 2 min and then centrifuged at 13000 rpm for 15 min at 4°C. 3 μl of supernatant was analyzed using reverse-phase high performance liquid chromatography (RP-HPLC), and the remaining peptide was calculated through the integrated peak area.



Statistical analysis

Data obtained from independent experiments were presented as mean ± standard deviation (SD). For normal continuous variables, one-way analysis of variance (ANOVA) was used. All data were analyzed using GraphPad Prism 8.0 software. Differences were considered significant at p < 0.05.




Results


Peptide design and functional screening

Cathelicidin antimicrobial peptides, which belong to the family of the host defense, exhibit a broad-spectrum effect against pathogens via direct microbicidal and immunomodulatory activities (Peng et al., 2020). On the basis of cathelicidin-BF (BF30) and its derivatives, we designed two antibacterial peptides GK18 and GW18 with the transformation strategies including: retaining the core sequence and structure of antimicrobial peptides, insertion of the hydrophobic residues and polar residues. The sequences and physicochemical properties of the GK18 and GW18 were listed in Table 1. Compared with BF-30 and its derivatives, GW18 contains the lowest net charge (+7) and GK18 contains the highest polar residues (72.22%). Similar with other antimicrobial peptides, GK18 and GW18 were also amidated at the C terminus to improve its stability. The predicted helix structures of the GK18, GW18 and other antimicrobial peptides were illustrated in Figure 1A. All the peptides could form helixes and most of them have an amphipathic structure forming a hydrophilic and hydrophobic side. Furthermore, sequence alignment of these peptides were made, and the results were illustrated in Figure 1B, which visually showed the modifications of GW18 and GW18 compared with cathelicidin-BF (BF30) and its derivatives.



TABLE 1 Physicochemical properties of the designed peptides.
[image: Table1]
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FIGURE 1
 (A) Helical wheel projection diagrams of GW18 and other cathelicidin-BF analogs. The hydrophobic residues are presented in yellow color, positively charged hydrophilic residues blue, the noncharged polar residue purple, and negatively charged hydrophilic residue red. (B) The multiple sequence alignment analysis of these antimicrobial peptides were analyzed using DNAMAN software.


Then GK18 and GW18 were synthesized and the antimicrobial activities of them to S. aureus (ATCC6538), Escherichia coli (E. coli, ATCC25922), Pseudomonas aeruginosa (P. aeruginosa, ATCC9027), Acinetobacter baumannii (A. baumannii, ATCC19606) and Candida albicans (C. albicans, ATCC/0331) were tested. As shown in Supplementary Table 1, GW18 showed high activity to S. aureus with the minimal inhibitory concentration (MIC) value of 1.32 μM, which was lower than vancomycin with the activity against S. aureus with the MIC value of 1.08 μM. Besides, GW18 also exhibited antimicrobial activities against E. coli with the MIC values of 5.28 μM, which was lower than that of colistin and fluconazol. The antimicrobial activities of GW18 against P. aeruginosa and A. baumannii were very low with MICs higher than 20 μM, while GK18 showed no antibacterial activity against all the strains (MICs higher than 20 μM) above. From these data, we designed a specific antimicrobial peptide that inhibits S. aureus.



Antimicrobial activity of GW18 against MRSA and clinically isolated antibiotic-resistance Staphylococcus aureus strains

To further determine the antimicrobial activity of GW18 against S. aureus, methicillin-resistant S. aureus (MRSA-Z) and two clinically isolated antibiotic-resistance strains (SA115775 and SA15192) were used in this experiment. As shown in Table 2, consistent with the activity of the standard S. aureus (ATCC6538), GW18 showed strong antibacterial activities against these antibiotic-resistance strains with MICs of 1.32 μM, which was similar with the activities of the clinical drug vancomycin with MICs from 0.54 μM to 2.16 μM. However, methicillin, another clinical antibiotic, only showed antimicrobial effect on standard strain S. aureus (ATCC6538) with a MIC of 1.94 μM, and its antimicrobial activity on the antibiotic-resistance strains was very weak with MICs from 15.53 μM to more than 124.25 μM. These data suggest GW18 exhibits potent antibacterial activity against both standard strain and antibiotic-resistance strains of S. aureus. Furthermore, we determined the effects of the GW18 combination with vancomycin against S. aureus and methicillin-resistant S. aureus (MRSA-Z). As illustrated in Supplementary Tables 2, 3, the combination of GW18 and vancomycin showed no synergy, while the addition of vancomycin inhibited the antimicrobial effects of GW18 against S. aureus.



TABLE 2 Antimicrobial activity of GW18 and clinical antibiotics against methicillin-resistant S. aureus.
[image: Table2]



Killing kinetic of GW18 on Staphylococcus aureus

Bactericidal kinetics can determine the bactericidal rate of antibacterial drugs in vitro, and we measured the killing kinetics of GW18 on S. aureus (ATCC6538) and methicillin-resistant S. aureus (MRSA-Z). GW18 rapidly killed S. aureus (Figure 2A) and MRSA-Z (Figure 2B) in 1 ×, 5 ×, and 10 × MICs, which was better than that of vancomycin at the same MICs. GW18 killed almost all the S. aureus at 1 × MIC in 120 min, while vancomycin could not completely kill the S. aureus at 1 ×, 5 ×, or even 10 × MICs in 240 min. Furthermore, GW18 killed almost all the MRSA-Z at 10× MIC in 30 min, while vancomycin needed 240 min at 1 ×, 5 ×, and 10 × MICs to completely kill the MRSA-Z. Collectively, these data suggested that GW18 exhibits potent and quick antibacterial activity against S. aureus.

[image: Figure 2]

FIGURE 2
 Killing kinetic of GW18 against S. aureus. S. aureus (ATCC6538, A) and methicillin-resistant S. aureus (MRSA-Z, B) were incubated with GW18 (1, 5, 10 × MIC) or vancomycin (1, 5, 10 × MIC) at 37°C for 0, 15, 30, 60, 120 and 240 min, respectively. Ten microliter aliquots were extracted at each time point and diluted with fresh broth for 100 times, 100 μl of the dilution was seeded on agar plates. After incubation at 37°C for 24 h, the viable colonies were determined for the killing kinetic analysis. Data represent mean ± SD values of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.




GW18 causes a negligible hemolytic activity and cytotoxicity to mammalian cells

Many antimicrobial peptides with excellent antibacterial activities have strong hemolytic activity, which hindered their application in vivo. In this experiment, the hemolytic activity of GW18 on human mature red blood cells was tested. As illustrated in Figure 3A, there is no obvious hemolytic activity of GW18 at the concentration of 1.32–169.01 μM. Besides hemolytic activity, the cytotoxicity of a drug is also an important indicator for its safety evaluation, so we investigated the cytotoxicity of GW18 on HEK293T. As shown in Figure 3B, GW18 exhibited no obvious cytotoxicity on HEK293T even at the concentration of up to 169.01 μM. Therefore, our findings suggest that the use of GW18 has a low likelihood to lead hemolytic activity and cytotoxicity of mammalian cells.

[image: Figure 3]

FIGURE 3
 Hemolysis and cytotoxicity of GW18. (A) 100 μl human mature red blood cell suspension was incubated with 100 μl of GW18 at different concentrations (0–169.01 μM). After incubation for 30 min at 37°C, cells were centrifuged (3,500 rpm, 5 min) and the absorbance of the supernatant was measured at 540 nm. The value for “zero hemolysis” was determined using sterile saline (negative control), while 100% hemolysis was established using 1% (v/v) Triton X-100 (PC: positive control). Hemolysis of testing sample was calculated as the percentage of Triton X-100-induced hemolysis. (B) HEK293T cells (1 × 105 cells) were plated into 96 well plates and incubated with GW18 (0–169.01 μM) or 10% DMSO (PC: positive control) for 24 h. Cell viability was determined by adding 10 μl CCK8 in to the cells and incubated for 2 h. The absorbance at 450 nm of the solution was measured with a microplate reader. Data represent mean ± SD of 3 independent experiments. *p < 0.05, ***p < 0.001.




GW18 shows no acute toxicity in vivo

To determine in vivo acute toxicity of GW18, 6–8 weeks old C57BL/6 male mice were injected with a single dose of GW18 at 20 mg/kg and 40 mg/kg, respectively, and the death of mice was recorded at 12 h, 24 h, 36 h, 48 h, 60 h and 72 h. As illustrated in Supplementary Figure 1, GW18 showed no acute toxicity, suggesting the lower toxicity of GW18. Together, these properties make GW18 an ideal candidate as a drug agent.



GW18 maintains its antibacterial activity in plasma

We investigated the effect of plasma on GW18’s antibacterial activity. As shown in Figure 4A, incubation of GW18 in human plasma did not significantly affect its antibacterial activity against S. aureus. Indeed, the inhibitory activity of GW18 against S. aureus standard strain (ATCC6538), clinically isolated antibiotic-resistance strains (SA115775 and SA15192), and methicillin-resistant S. aureus (MRSA-Z) remained even after 10 h of plasma incubation in vitro. Furthermore, we measured the remaining GW18 after exposure to plasma by RP-HPLC. As shown in Figure 4B, 57.63% of the actual GW18 remained after 10 h of plasma incubation in vitro, which suggested that some degradation of GW18 occurred. Despite the partial degradation, the antibacterial effect of GW18 against S. aureus did not decrease, it is possible that some degraded fragments still have the antibacterial effect, which needs to be confirmed in the future.

[image: Figure 4]

FIGURE 4
 GW18 maintains its antibacterial activity against S. aureus in plasma. (A) GW18 was incubated with human plasma (final concentration 4.23 mM) and the stability of GW18 determined by evaluating the antibacterial activity against S. aureus (ATCC6538, MRSA-Z, SA15192, SA115775) using the disk diffusion assay by measuring the diameter of zone of inhibition after incubation for 0–10 h. (B) GW18 was incubated with human plasma (4.23 mM) and the remaining peptide was determined by RP-HPLC. Data represent mean ± SD of two independent experiments.




GW18 suppresses the dissemination of Staphylococcus aureus to target organs

The therapeutic potential of GW18 as a candidate drug for bacteremia was evaluated. As shown in Figure 5, dissemination of standard S. aureus strain (ATCC6538) from the peritoneal cavity to the blood (Figure 5A) and lung (Figure 5B) was significantly suppressed with the treatment of GW18 or vancomycin. Remarkly, 2 mg/kg GW18 treatment significantly reduced the dissemination of S. aureus from the peritoneal cavity to the blood, which was similar with the effect of vancomycin. GW18 treatment at 8 mg/kg showed the best antimicrobial effect on S. aureus, which was even better than that of vancomycin at the concentration of 4 mg/kg. Furthermore, the average bacterial load in lung tissue of GW18 treatment at 2 mg/kg was reduced, and GW18 significantly suppressed the dissemination of S. aureus to lung at the concentration of 4 mg/kg and 8 mg/kg.

[image: Figure 5]

FIGURE 5
 GW18 suppresses the dissemination of S. aureus (ATCC6538) and MRSA-Z in vivo. Mice (n = 6) were injected with S. aureus (ATCC6538 or MRSA-Z, 2 × 108 CFU/mouse, ip), 2 h later, samples (GW18: 2, 4, 8 mg/kg; vancomycin: 2, 4 mg/kg, saline as the negative control group) were intraperitoneally injected with the concentration indicated. After 4 h of administration, mice were sacrificed, blood (A,C) and lung (B,D) were collected for the measurement of bacterial loads. Data represent mean ± SD values of six independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.


Furthermore, we also evaluated the therapeutic potential of GW18 against methicillin-resistant S. aureus (MRSA-Z) as a candidate drug for bacteremia. Similar with the effects on the standard S. aureus, GW18 significantly suppressed the dissemination of MRSA-Z from the peritoneal cavity to the blood (Figure 5C) and the lung (Figure 5D). Besides, GW18 showed higher effectivity against MRSA-Z than vancomycin at the same concentration. Taken collectively, these data confirmed the roles of GW18 in suppressing the dissemination of S. aureus to target organs in vivo.




Discussion

Various infectious diseases caused by S. aureus and MRSA pose a great threat to human health (Li et al., 2022). As an important pathogenic bacteria in communities and hospitals, MRSA has shown a pandemic trend in the world (Fu et al., 2021). It is urgent to develop new antimicrobial drugs that are not prone to produce drug resistance. Based on the experience of previous research, we designed a new antimicrobial peptide GW18, which selectively inhibited the infection of S. aureus and MRSA.

Antimicrobial peptides (AMPs) have been identified and characterized from tissues and organisms of every kingdom and phylum, ranging from prokaryotes to humans (Yeaman and Yount, 2003; Mwangi et al., 2019a). Of the available literature, defensin, cathelicidin, hepcidin are among the best-characterized peptides, which exhibit antimicrobial activities through the directly killing bacteria, or the regulation of immune system (Ho et al., 2017). LL-37, the only human member of the cathelicidin antimicrobial peptide family, is derived from human cathelicidin antimicrobial protein 18 (hCAP18) by the cleavage of proteinase 3 (Sørensen et al., 2001). Although LL-37 has good antibacterial activity in vivo, elevated level of LL-37 is also reported to aggravate psoriasis (Lande et al., 2007), atherosclerosis (Edfeldt et al., 2006; Zhang et al., 2015), ulcerative colitis (Duan et al., 2018), sepsis (Fukumoto et al., 2005), thrombosis (Pircher et al., 2018; Salamah et al., 2018; Duan et al., 2022), and chronic obstructive pulmonary disease (Persson et al., 2017), which limits the use of LL-37 in these related diseases to treat bacterial infection.

In addition to endogenous LL-37, researchers have also identified many antimicrobial peptides belonging to cathelicidin family from other organisms, which provide the material basis for the design and development of new antibacterial drugs (Yu et al., 2015; Zhang et al., 2019; Zhong et al., 2020; Chai et al., 2021; Wu et al., 2021). In recent years, the designing of antimicrobial peptides based on the relationship between the structure and function of antimicrobial peptides have been confirmed the promising way to obtain novel antimicrobial peptides rapidly (Meng and Kumar, 2007; Fjell et al., 2011; Carmona et al., 2013). According to the known AMPs, the hydrophobic tryptophan (Trp) residue prefers the interfacial region of lipid bilayers, and positively changed residues, like lysine (Lys) and arginine (Arg), facilitate the interaction of the AMPs with the anionic components of the bacterial membrane (Jin et al., 2016). Furthermore, glycine (Gly) is frequently found in many antimicrobial peptides, which determines the antimicrobial activities (Van Kan et al., 2001; De Jesus Oliveira et al., 2019).

In the present study, a previously reported antimicrobial peptide cathelicidin-BF and its derivative were used as the templates to design the new antimicrobial peptide GW18, which retained the basic amino acids and replaced other residues with tryptophan or glycine. Through the functional screening, GW18 was found specifically inhibit S. aureus and MRSA (Table 2; Supplementary Table 1). Killing kinetics assay suggested the GW18 killed S. aureus even faster than vancomycin (Figure 2).

Besides the antimicrobial activity, plasma stability, hemolysis and cytotoxicity also greatly hamper the application of antimicrobial peptides (Greco et al., 2020). Negligible hemolytic activity and cytotoxicity of GW18 were detected (Figure 3). GW18 still maintained its antibacterial activity against S. aureus and MRSA even after incubation for 10 h in plasma (Figure 4A). Furthermore, GW18 showed no acute toxicity even at the high concentration of 40 mg/kg (Supplementary Figure 1), while it significantly suppressed the dissemination of S. aureus (the standard strain and MRSA) to blood and lung at the concentration of 4 mg/kg (Figure 5).

Taken collectively, the designed GW18 showed excellent antimicrobial abilities against S. aureus and MRSA with negligible hemolytic activity, cytotoxicity and no acute toxicity. The present study provided an excellent candidate or template for the development of therapeutic agent to treat S. aureus and MRSA infection.
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Antimicrobial peptides (AMPs) are ancient antimicrobial weapons used by multicellular organisms as components of their innate immune defenses. Because of the antibiotic crisis, AMPs have also become candidates for developing new drugs. Here, we show that five different AMPs of different classes are effective against non-dividing Escherichia coli and Staphylococcus aureus. By comparison, three conventional antibiotics from the main three classes of antibiotics poorly kill non-dividing bacteria at clinically relevant doses. The killing of fast-growing bacteria by AMPs is faster than that of slow-dividing bacteria and, in some cases, without any difference. Still, non-dividing bacteria are effectively killed over time. Our results point to a general property of AMPs, which might explain why selection has favored AMPs in the evolution of metazoan immune systems. The ability to kill non-dividing cells is another reason that makes AMPs exciting candidates for drug development.
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Introduction

Antimicrobial peptides (AMPs)—small, and most of the time, cationic molecules—are crucial elements of the humoral innate immune defenses of all multicellular life (Lazzaro et al., 2020). AMPs are also essential players at the host-microbiome interface (Bevins and Salzman, 2011; Mergaert, 2018). Because of their evolutionary success and diversity, AMPs are considered new antimicrobial drug candidates to alleviate the current antibiotic resistance crisis (Mookherjee et al., 2020). Currently, there are around two dozen AMPs from different origins under clinical trial (Koo and Seo, 2019).

Bacterial pathogens and bacteria, in general, encode several conserved and essential genes in their genomes, where inhibition could lead to bacterial growth arrest or killing. These genes are usually the targets of all known antibiotics. Such druggable pathways range from several tens to hundreds of genes (Juhas et al., 2011). It is striking, however, that metazoan immune effectors do not exploit these easy targets while chemical defenses of microbes do to gain competitive advantages (Letten et al., 2021). One possibility is that resistance evolution against antibiotics is relatively easy and ubiquitous (Blázquez et al., 2018). Toxicity or microbiome damage could be another reason to avoid using chemicals such as antibiotics for our chemical defenses (Blaser, 2016).

We have been studying why AMPs were selected during evolution and what properties made them more suitable as an antimicrobial defense strategy of metazoan than other types of molecules, such as antibiotics. These insights have also the potential to inform the application of AMPs as drugs. For example, we have found that AMPs differ significantly from conventional antibiotics: including their pharmacodynamics, resulting in narrower mutant selection windows (Yu et al., 2018). In contrast to conventional antibiotics, AMPs do not increase the mutation rate even at sub-lethal concentrations (Rodríguez-Rojas et al., 2014, 2015), and they do not increase recombination frequency (Rodríguez-Rojas et al., 2018). Taken together these features of AMPs combine to lower the probabilities of resistance evolution (Yu et al., 2018). It seems that the emergence of AMPs as an antimicrobial weapon during evolution depends not on a single feature but several.

There are many physiological or pathological situations where microbes are slow growing, and the host needs to control them. For instance, Escherichia coli, a typical colonizer of humans and warm-blooded animals (Martinson and Walk, 2020) grows very fast in laboratory conditions, with a doubling time or generation time around 20 min. The proliferation rate in human guts, however, was estimated to be near 40 h (Savageau, 2015). Situations such as this motivated our study.

We note that slow growing bacteria also occur in biofilms, a situation we do not study here. It has been shown that some antimicrobial peptides have anti-biofilm activity (Huan et al., 2020). However, it should be noticed that many of them are different from the classical AMPs from multicellular organism. The positive charges although being essential for antimicrobial action also represent an impediment to natural AMPs penetration into biofilms (Yasir et al., 2018). The main reason lies in the fact that polysaccharides (EPS) of the biofilm matrix is negatively charged and can trap positive AMPs. This undermines the activity of AMPs. Moreover, many AMPs in biofilms are subject to hydrolytic and proteolytic breakdown (Galdiero et al., 2019).

Stationary phase bacteria are significantly less susceptible to antibiotics than fast-growing counterparts (Gutierrez et al., 2017; Mccall et al., 2019). Conventional antibiotics are most often only effective when bacteria are actively dividing (Eng et al., 1991; Lobritz et al., 2015). It is known that colistin, a cationic antimicrobial peptide of microbial origin (Biswas et al., 2012), kills bacteria regardless of their metabolic state (Singhal et al., 2022). Based on a similar mode of action that colistin shares with other antimicrobial peptides, we hypothesize that the ability to kill stationary phase bacteria is a general property of cationic AMPs from multicellular organisms. We specifically investigate whether AMPs can kill non-dividing bacteria and how the bacterial physiology of the stationary phase change this dynamic. We use five antimicrobial peptides from different origins (cecropin A, indolicidin, LL-37, melittin, and pexiganan) that are well characterized in their activities. For comparison, we also use three bactericidal drugs representing the three most relevant antibiotic families: beta-lactams, aminoglycosides and fluoroquinolones (ampicillin, gentamycin and ciprofloxacin, respectively). To extend the validity of our research, we carried out experiments using a Gram-negative bacterium (Escherichia coli) and a Gram-positive bacterial model (Staphylococcus aureus).



Materials and methods


Bacteria and growth conditions

The Escherichia coli K12 from Yale University Microbial Stock Center and Staphylococcus aureus SH1000 (Horsburgh et al., 2002) were used for all experiments. All cultures related to antimicrobial tests and experiments were carried out in Mueller-Hinton I broth (Sigma) devoid of cations. Both strains were routinely cultured in Lysogeny Broth (LB medium).



Antimicrobials

For this study, we used five different AMPs (cecropin A, indolicidin, LL-37, melittin, and pexiganan) and three antibiotics (ampicillin, gentamycin and ciprofloxacin, respectively). All antimicrobials were purchased from Sigma except pexiganan that was a generous gift from Dr. Michael A. Zasloff from Georgetown University.



Minimal inhibitory concentration

The minimal inhibitory concentration for each antimicrobial were determined according to CLSI recommendations by the microdilution method (CLSI, 2018) with minor modifications for antimicrobial peptides (Giacometti et al., 2000). For comparison, we kept these modifications also for antibiotics. Inoculum size that was adjusted to approximately 1 × 106 CFU/ml from a 2-h mid-exponential phase obtained by diluting 100 μl of overnight cultures in 10 ml of fresh medium in 50 ml Falcon tubes. The MIC was defined as the minimal antimicrobial concentration that inhibited growth, after 24 h of incubation in liquid MHB medium at 37°C. Polypropylene non-binding plates (96 wells, Th. Geyer, Germany) were used for all experiments. Results are presented in Table 1.



TABLE 1 Minimal inhibitory concentration (MIC) values for Escherichia coli K12 and Staphylococcus aureus SH1000 for different antimicrobials used in this study.
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Fast-growing bacteria killing experiment

For exponentially growing bacteria, five independent cultures per treatment were diluted 1:100 from a 16-h overnight culture (by adding 100 μl to 10 ml of MHB medium in 50 ml Falcon tubes). Then, the bacteria were grown for 2 h for E. coli and 2.5 h for S. aureus, to reach approximately 2 × 108 CFU/ml. The cultures were then diluted 1/100 in fresh medium to reach approximately 2 × 106 CFU/ml. Two ml of diluted culture were exposed to 10x MIC to the AMPs and the antibiotics. Volumes of 100 μl-sample were extracted at 4 and 24 h. The aliquots were diluted and plated to determine cell viability. Non-treated cells were used as a control. All incubations took place at 37°C with shaking.



Generation of a stationary phase-like culture medium (spent medium)

In order to maintain bacteria in their non-dividing state, we generated a medium to carry out the killing assays. From the supernatant of 500 ml of 48-h culture from each bacterium, the cells were pelleted at 4000 ×g for 30 min. The pH of each culture was adjusted to match the original pH of 7.2. To remove additional cell debris, flagella rest and outer membrane vesicles that could potentially interfere with the activity of AMPs (Manning and Kuehn, 2011), the supernatants were ultracentrifuged at 100000 ×g during 16 h at + 4°C. Thereafter, 250 ml of the supernatant from each flask was carefully recovered, without perturbing the pellet, and aseptically filtrated using 0.22 μm syringe filters and 40 ml were transferred to sterile 50 ml-falcon tubes, that were stored at −20°C until use. We refer to this medium as spent medium. The medium was tested to show its incapacity to sustain additional bacterial growth.



Stationary phase bacteria killing experiment

For stationary phase bacteria, five independent cultures per treatment were used. Bacteria from 48-h cultures containing approximately 3 × 109 CFU/ml for E. coli and 2 × 109 CFU/ml for S. aureus were diluted in spent medium (see preparation above) to a final cell density of 2×106 CFU/ml. Then, the bacteria were treated identically to the fast-growing bacteria killing experiment described above.



Statistical analysis

Statistical testing and plots were done in R version 3.3.2 (R Core Team, 2017), using Rstudio version 1.0.143 (R Development Core Team, 2015). To compare killing rates between bacteria growing in exponential and stationary phase for each antimicrobial after 4 and 24 h of exposure, a Welch’s t-test was used. Values below the detection limit (zero colony counts) were imputed for statistical purposes assigning a value of 1.




Results and discussion

First, we determined the minimal inhibitory concentration (MIC) for all antimicrobials (Table 1) and used these values as a reference for the killing experiments. Then, we exposed equivalent numbers of both bacterial species to a ten-fold concentration (10 × MIC) of cecropin A, indolicidin, LL-37, melittin, and pexiganan. We also used the same treatments with ampicillin, ciprofloxacin and gentamicin. Finally, we measured bacterial survival at two-time points, 4 and 24 h post exposure for actively dividing bacteria (exponential phase) and slow-replicating ones (stationary phase). The results from these experiments are shown in Figures 1, 2 for E. coli and S. aureus, respectively. In this article, we refer to fast or actively replicating bacteria as the state of the bacterial population at the time of the addition of antimicrobials. In our experimental conditions, all antimicrobials drastically reduced bacterial counts at 4 and 24 h of treatment for the exponentially growing bacteria. For stationary phase bacteria, all AMPs reduced viability. However, after 4 h of exposure, there was some delay in killing by cecropin A, LL-37, melittin, and pexiganan while killing stationary phase bacteria compared to exponentially growing microbes. Indolicidin was the most efficient AMP, capable of completely killing (or reducing bacterial counts below the detection limit), bacterial cultures from both species but also for fast and slow-replicating bacteria for both time-points, 4 and 24 h.

[image: Figure 1]

FIGURE 1
 Killing of Escherichia coli K12 at 10× MIC for five antimicrobial peptides and three different antibiotics. The gray boxes indicate bacteria growing exponentially while the blue ones denote bacteria treated in the stationary phase in spent medium prepared as described in the Materials and methods section.


[image: Figure 2]

FIGURE 2
 Killing of Staphylococcus aureus SH1000 at 10× MIC for five antimicrobial peptides and three different antibiotics. The yellow light green boxes indicate bacteria growing exponentially while the orange ones denote treated bacteria in the stationary phase in spent medium prepared as described in the Materials and methods section.


The three antibiotics were very efficient in killing after 4 h for both bacterial species of exponentially growing cells while failing to kill stationary phase ones at 4 h. In particular, ampicillin did not kill stationary phase bacteria 4 h post treatment, with a poor killing capacity even at 24 h. Also after 24 h of exposure, gentamicin and ciprofloxacin reduced microbial count for both models with a significantly lower efficacy than killing fast-replicating cultures. All statistical inferences of the killing rate at 4 and 24 h for each antimicrobial and both bacterial species are provided in Tables 2, 3.



TABLE 2 Killing fold-change of Escherichia coli K12 growing exponentially versus stationary phase cultures and their comparative statistical difference (Welsh’s test).
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TABLE 3 Killing fold-change of Staphylococcus aureus SH1000 growing exponentially versus stationary phase cultures and their comparative statistical difference (Welsh’s test).
[image: Table3]

Indolicidin, the most effective AMP at killing non-dividing bacteria, is a 13-residue peptide belonging to the cathelicidin family, with a broad-spectrum activity against a wide range of targets, such as Gram-positive and Gram-negative bacteria, fungi and viruses (Batista Araujo et al., 2022). This peptide was isolated from neutrophil blood cells of cows (Selsted et al., 1992). Our findings suggest that the capacity of cationic AMPs to kill slow-replicating bacteria is rather common and may be conserved across the tree of life. In this work, we also used insect derivative peptides such as cecropin A, first isolated from the hemolymph of the moth Hyalophora cecropia (Lee and Brey, 1994), and melittin from the venom of honeybees (Habermann and Jentsch, 1966). In addition to indolicidin, we used two more vertebrate AMPs, pexiganan, a derivative of magainin II from the skin of the African frog Xenopus laevis (Ge et al., 1999) and the human peptide LL-37, which also has antibiofilm activity (Ridyard and Overhage, 2021). All these five AMPs were efficient at killing non-dividing (stationary phase) bacteria. This property adds to the potential benefits of AMPs as antimicrobial drug candidates but also to our understanding of their role and evolution as main components of metazoan innate immune defenses.

All antimicrobials are sensitive to the inoculum effect or cell density, a phenomenon that decreases their efficacy (Udekwu et al., 2009). This is one of the reasons why for example, biofilms are less sensitive to antimicrobials in general. This is particularly true for positively charged drugs, mostly aminoglycosides and the cationic antimicrobial peptide colistin with a very drastic diminishing of the killing activity within biofilm microenvironments (Kirby et al., 2012). The lower killing of AMPs due to high density bacterial population seems to be a prevalent phenomenon (Loffredo et al., 2021). Although these problems have hampered the utilization of AMPs as drugs, efforts to make AMPs more stable by chemical modifications are widespread and could help to mitigate this issue. Because of the inoculum effect, we designed this study to investigate bacterial killing in low-density populations, a situation, which we think, is common enough to warrant study. During the onset of an infection, it is common that microbes enter the body in low proliferating state or close to the stationary phase. They usually are also in small numbers, where AMPs would work well as a first line of defense. In the same line, it is also known that the inoculum size plays a fundamental role in the probability of establishing an infection (Grant et al., 2008). Finally, we would like to mention that a possible limitation of this study is that antimicrobial peptides could behave differently within the host compared to in vitro conditions. Therefore, future studies will be necessary to study how the cationic antimicrobial peptides kill stationary phase or slow replicating bacteria in vivo.
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Polymyxin A1 was a rarely investigated member in the polymyxins family produced by Bacillus aerosporus. As a cyclic non-ribosomal lipopeptide, it was purified from Paenibacillus thiaminolyticus for the first time. The producing strain SY20 was screened from Chinese natural fermented bamboo shoots and identified as P. thiaminolyticus SY20 using 16S rRNA homology along with whole genome sequencing. The optimum incubation time was 32 h by the growth kinetics of antimicrobial agent production. The proteinaceous nature of antimicrobial agents was characterized according to the physicochemical properties of the cell-free supernatant. Subsequently, the active antimicrobial agent was purified from the supernatant using ammonium sulfate–graded precipitation, ion-exchange chromatography, and C18-H chromatography. The active agent was identified as polymyxin A1 with a molecular weight 1156.7 Da and antimicrobial activity mainly against Gram-negative bacteria. The molecular structure, a cyclic heptapeptide and a tripeptide side chain acylated by a fatty acid at the amino terminus, was elucidated using the combination of liquid chromatography-tandem mass spectrometry (LC-MS/MS), matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS), amino acid analysis, and whole genome mining tool. Meanwhile, the biosynthetic gene cluster of polymyxin A1 including five open reading frames (ORFs) was demonstrated in the genome. The compound should be further explored for its efficacy and toxicity in vivo to develop its application.
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Introduction

An enormous and growing threat aroused by multidrug-resistant (MDR) pathogenic bacterial infections posed a severe challenge to human health. With the ineffective use of β-lactam, quinolone, or aminoglycoside in killing MDR pathogenic bacteria and slower growth in discovering new drugs, the polymyxins are gradually considered as the last line of defense for MDR pathogenic bacteria against almost all other currently available antibiotics (Han et al., 2019; Yin et al., 2020). Polymyxins are a family of cyclic non-ribosomal lipopeptides discovered more than 70 years ago and produced by the widely distributed soil bacterium Paenibacillus polymyxa (Bergen et al., 2015; Velkov et al., 2019). They are usually used for the treatment of Gram-negative bacterial infections such as Pseudomonas aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae (Bergen et al., 2015; Velkov et al., 2019; Pajor et al., 2020a). At least 25 chemically distinct members have been found to make up the polymyxins family, among which polymyxin B, polymyxin E (colistin), and their derivatives are commercially used as clinical medicines against the infection of MDR pathogenic bacteria (Velkov et al., 2019). However, the inevitable nephrotoxicity and neurotoxicity served as a primary limitation to affect their parenteral administration (Yu et al., 2015). Polymyxin A, initially called “Aerosporin,” was produced by Bacillus aerosporus isolated from the soil of a market garden in Surry (Ainsworth et al., 1947). It conforms the basic pattern of polymyxins that possesses a cyclic heptapeptide and a tripeptide side chain acylated by a fatty acid at the amino terminus (Wilkinson and Lowe, 1966; Velkov et al., 2019). Two variants (A1 and A2) were distinguished with the difference between fatty acyl groups, which were identified as 6-methyloctanoic acid (C9H17O) and 6-methyl-heptanoic acid (C8H15O), respectively (Tambadou et al., 2015). Six non-proteinaceous amino acids, 2,4-diaminobutyric acid (Dab), constitute the amino acids in the formula, among which the Dab at position 4 forms an amide linkage with the C-terminal threonine.

The genus Paenibacillus was distinguished from Bacillus by an extensive comparative analysis of 16S rRNA sequences in 1993 (Cotta et al., 2012). Bacteria belonging to the genus are widely distributed in the environment and produce a variety of active substances (Guo et al., 2012; Baindara et al., 2016), which involved in antibacterial including lantibiotics, polyketides, lipopeptides, macrolide, and peptide–polyketide (He et al., 2007; Wu et al., 2011; Guo et al., 2012).

This study aimed to screen a novel microbial strain with the potency of producing antimicrobial agents against foodborne pathogens or human pathogens. Since the purification and identification of an antimicrobial agent require laborious procedures if followed the classical methods (Lebedeva et al., 2020), genome mining approaches that explore both DNA and peptide databases have provided a rationale for targeted isolation of active agent from complex protein mixtures (Baindara et al., 2020). In addition, mass spectrometry also facilitates the identification and quantification of novel antimicrobial agents. In our work, we reported a strain isolated from the sour bamboo shoots sample with antagonistic activity mainly against Gram-negative bacteria. Its taxonomic affiliation was confirmed by 16S rRNA and whole genome sequencing, then it was named Paenibacillus thiaminolyticus SY20. The growth conditions of the strain were optimized to achieve maximum antimicrobial production, and the physicochemical properties of the cell-free supernatant were evaluated to characterize the antimicrobial agents produced by the strain. Subsequently, the active agent from the supernatant was purified by ammonium sulfate fractional precipitation, ion-exchange chromatography, and reversed-phase high-performance liquid chromatography (RT-HPLC). Finally, the active agent was identified as polymyxin A1 by liquid chromatography–tandem mass spectrometry (LC-MS/MS), matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS), amino acid analysis together with whole genome mining for biosynthetic gene clusters. To the best of our knowledge, this was the first time that polymyxin A1 has been isolated from P. thiaminolyticus, providing a systematic and effective approach to purifying and identifying the antimicrobial agent.



Materials and methods


Bacterial strains and culture media

Staphylococcus aureus (RN 4220) and Escherichia coli (ATCC 25922) were the primary indicator bacteria. Samomella enteritidis (CCTCC AB 94018), Klebsiella Pneumoniae (ATCC 10031), Enterobacter Sakazakii (ATCC 29544), Vibrio parahaemolyticus (ATCC 10031), Listeria monocytogenes (ATCC 19115), Pseudomonas aeruginosa PAO1, Salmonella typhimurium (ATCC 14028), Shewanella putrefaciens (ATCC 8071), and Pseudomonas fluorescens (ATCC 13525) were purchased from China Center of Industrial Culture Collection (CICC). Lactiplantibacillus plantarum DMDL 9010, Lacticaseibacillus rhamnosus B1107, Bacillus coagulans 13002, Bacillus amyloliquefaciens K1, and Bacillus licheniformis SG18 were isolated and preserved in Guangdong Microbial Culture Collection center (GDMCC). All strains were used as indicator bacteria for antimicrobial spectrum detection.

The medium of tryptone-glucose-yeast extract (TGYE) and nutritional broth (NB) was used for screening the antimicrobial strains from the sample; tryptic soy broth (TSB), brain heart infusion (BHI), Luria-Bertani (LB), and de Man, Rogosa and Sharpe (MRS) purchased from Sangon Biotech (Shanghai) were used as the cultures for different indicator bacteria.



Antimicrobial activity determination

The agar well diffusion method was applied to determine the antimicrobial activity described by Wu et al. (2018). Briefly, each indicator bacteria was cultivated to the logarithmic growth phase. An appropriate amount of indicator bacteria liquid was injected into the corresponding medium containing 0.75% agar with the final bacterial inoculum of 5 × 105 CFU/ml. The mixture was poured into sterile plates, and several wells were made after solidification. Fifty microliters of tested samples were added into each well, and the antimicrobial activity was expressed as the diameter of inhibition zone after incubating at 37°C for 8 h.



Screening and identification of the antimicrobial strains

The sour bamboo shoots sample purchased from the Xiangya center market in Zhangzhou, Fujian Province (China), was used to screen the microorganisms that produce antimicrobial agents (He et al., 2007). Briefly, samples were cut into small pieces and suspended in sterilized saline. After shaking to homogenize, the suspensions were serially diluted. Aliquots (150 μl) were spread on TGYE and NB agar and then were incubated at 28°C. The strains were singled out and inoculated into LB medium for 48 h to evaluate their antimicrobial potential. An isolated strain named SY20, whose fermentation supernatant showed antimicrobial activity, was selected for further biological identification. The 16S rRNA sequence of SY20 was aligned in NCBI Genbank. The whole genome was sequenced by Beijing Genomics Institute (BGI, China).



Growth kinetics of antimicrobial agent production

The activated SY20 strain was inoculated into a 1 L triangular flask containing 500 ml LB and incubated at 37°C with continuous shaking at 180 r/min. The culture samples were taken every 4 h to measure their pH, OD600, and the antimicrobial activity of cell-free supernatant against E. coli ATCC 25922 (Pajor et al., 2020b).



Effect of temperature, pH, enzymes, detergents, and metal ions on the antimicrobial activity of the cell-free supernatant

To characterize the properties of the active agents in the cell-free supernatant and further guide the purification process, the antagonistic activity of the supernatant obtained in the optimum incubation time was assessed after exposure to different pH values, temperatures, enzymes, detergents, and metal ions (Wu et al., 2018). The cell-free supernatant was adjusted to a pH range from 3.0 to 11.0 with hydrochloric acid (HCl) and sodium hydroxide (NaOH), respectively. The antimicrobial activity was assayed with the medium in the same pH value as the blank controls after 6 h of incubation at room temperature. To investigate the effect of thermostability on the antimicrobial activity of the supernatant, aliquots were exposed at 4, 25, 40, 60, 80, 100, and 121°C for 30 min, and the residual antimicrobial activity was tested. The sensitivity of the supernatant to enzymatic degradation was evaluated using catalase, trypsin, α-amylase, proteinase K, pepsin, lipase, and papain (all purchased from Sigma-Aldrich, USA) with an ultimate concentration of 1 mg/ml under the appropriate conditions. Reaction mixtures were incubated for 3 h, and then antagonistic activity was assayed with enzyme solutions and the supernatant without enzymes as controls, respectively. To understand the sensitivity to detergents, the supernatant was exposed to 0.01% SDS, 1% Triton-100, Tween-20, Tween-80, urea, and EDTA at room temperature for 4 h, respectively, then the residual antimicrobial activity was checked as the supernatant without treatment of detergents was used as a positive control. In a similar way, the supernatant was mixed with K+, Na+, Mg2+, Ca2+, Mn2+, Al3+, and Fe3+ solutions at a final concentration of 0.1 M, 0.1 M, 0.1 M, 0.1 M, 0.01 M, 0.0025 M, and 0.05 M, respectively, to examine the effect of metal ions. The mixtures were incubated at room temperature for 6 h before testing for antimicrobial activity. The supernatant without ion solution treatment was used as the positive control and ion solutions as blank controls.



Purification of the antimicrobial agent from the cell-free supernatant

The crude extract (CE) with antimicrobial activity was obtained by ammonium sulfate–graded precipitation from the culture supernatant of SY20 (Wu et al., 2018; Pajor et al., 2020b). Briefly, the 1 L supernatant was subjected to precipitation. Firstly, the solid ammonium sulfate was added to the supernatant to 50% saturation and left for 6 h at 4°C, then the suspension was centrifuged (10,000 g, 20 min) to separate the precipitate and solution. The precipitate (50%) was collected and dissolved with 20 ml of distilled water. The solution was further treated with 65% (NH4)2SO4 saturation. The precipitate (65%) was obtained as mentioned above. Finally, the solution was additionally added to 100% (NH4)2SO4 saturation, and the precipitate (100%) was obtained in the same way. The antimicrobial activity of the re-dissolved precipitations was checked, and the active one was dialyzed against distilled water at 4°C until the ammonium sulfate was removed entirely. The CE with antimicrobial activity was harvested by lyophilization.

The purification of the CE was performed using cationic exchange and reversed-phase chromatography. The CE was re-dissolved in 20 mM Tris-HCl (pH 7.2) buffer and sterilized with a 0.22 μm membrane. A 10-ml CE sample was first loaded onto the CM Sepharose Fast Flow column (16 mm × 100 mm, GE), which was equipped with an AKTA Pure system (GE). The column was preconditioned with buffer A (20 mM Tris-HCl, pH 7.2), then the gradient elutions with 30, 60, and 100% buffer B (20 mM Tris-HCl and 1 M NaCl) were carried out and monitored at 214 and 280 nm UV absorption. The antimicrobial activity of the eluted fractions was determined with E. coli ATCC 25922 as an indicator. The fraction, which was checked to possess antimicrobial activity, was dialysis to desalt with a 500 Da cutoff membrane and concentrated by lyophilization.

The active fraction dissolved in water was further separated on an RP-HPLC system (Agilent 1260). A 100-μl volume of active solution was injected into C18-H (4.6 × 250 mm, 5 μm, Amethyst), then eluted using mobile phase solution which contained 22% acetonitrile and 78% Na2SO4 solution (31.4 mM, adjusted the pH value to 2.5 with H3PO4) at the flow rate of 1 ml/min. All the peaks monitored at 214 nm were collected and tested for the antagonistic activity with E. coli ATCC 25922.



Identification of the antimicrobial agent by mass spectrometry

The active peak purified by C18-H column was dissolved with water after dialysis and lyophilization. Then the sample was subjected to MALDI-TOF MS analysis on a Bruker autoflex III smartbean mass spectrometer (Bruker Daltonics Inc., Billerica, MA) and operated in reflection positive ion mode at an accelerating voltage of 28 kV.

The sample was analyzed by LC-MS/MS for molecular weight and amino acid sequence determination. Samples were separated on a capillary column (2.1 × 50 mm, SB-C18 RRHD, Agilent) using an Agilent 1290 HPLC system, and a capillary voltage of 3.5 kV was used. Tandem mass spectrometry was performed on a maXis impact mass spectrometer (Bruker Daltonics Inc., Billerica, MA) equipped with an ESI source, operated in positive-ion mode. The MS/MS spectrum was acquired with an ESI source operated with a spray voltage of 2 kV, and the scan sequence of the mass spectrometer was performed from 50 to 2,000 m/z.



Elucidation of the antimicrobial agent by whole genome mining tool

AntiSMASH 51 was used to detect non-ribosomal peptide synthetases (NRPS) and the potential bacteriocin biosynthetic gene clusters (Weber et al., 2015). The NRPS/PKS (polyketide synthase) monomer structure and prediction of possible NRPS substrate were carried out by NRPSpredictor22 and NPRSsp.3



Verification of the antimicrobial agent by amino acid composition analysis and antimicrobial assay

For amino acid composition analysis, the amino analysis system L-8900 (Hitachi) was employed as per the manual of operator and the reference of method (Jangra et al., 2018). In brief, a sufficient amount of active agent was hydrolyzed by 6 N HCl in a sealed ampoule at 110°C for 24 h. Afterward, the solvent was evaporated using a vacuum drying chamber (Yiheng, Shanghai) and resuspended in disodium hydrogen phosphate buffer (pH3.3). Analysis was done by the amino analysis system L-8900 (Hitachi) according to the methods provided by the manufacturer.

Lipopolysaccharide (LPS) is a component of the outer wall of Gram-negative bacterial cells (Huang and Yousef, 2014; Abdelhamid and Yousef, 2019). LPS derived from E. coli 0111: B4 was purchased from Sigma. A certain amount of LPS were added to the active agent and the supernatant, respectively, then incubated for 1 h at room temperature to determine the antimicrobial activity against E. coli ATCC 25922. The change in antimicrobial activity was observed with or without LPS in the samples. In addition, the antimicrobial spectrum of the supernatant and the active agent was determined using the agar well diffusion method described in section “Antimicrobial activity determination.”



Statistical analysis

The statistical analysis of the data was conducted by SPSS 22.0. Three parallels were repeated for each experiment, and experimental differences were determined using a one-way ANOVA and Duncan test at 0.05 levels.




Results


Isolation and identification of an antimicrobial strain

About three hundred and fifty strains of bacteria were isolated from the sour bamboo shoots sample. The supernatants of all strains were tested the antimicrobial activity with S. aureus RN 4220, E. coli ATCC 25922, and S. enteritidis CCTCC AB 94018. A strain designated SY20 showed antagonistic activity against the three indicators. 16S rRNA genomic analysis of SY20 shared high similarity with Paenibacillus thiaminolyticus (99%), and the whole genome sequencing confirmed the result, which was submitted to NCBI with the accession number CP106992. Thus, it was given the name Paenibacillus thiaminolyticus SY20.



Growth kinetics of antimicrobial agent production

P. thiaminolyticus SY20 initiated the synthesis of antimicrobial agents against E. coli ATCC 25922 from 12 h at the early logarithmic phase (Figure 1). Maximum antimicrobial activity against E. coli ATCC 25922 (17.1 mm) was found after 32 h incubation during the end of the logarithmic phase. Then the antimicrobial activity was gradually decreased with the increase in incubation time but did not disappear until 72 h. At the same time, the value of pH changed from weak acidity to weak alkaline. The optimum incubation time for the productivity of antimicrobial agents against E. coli ATCC 25922 was selected at 32 h.


[image: image]

FIGURE 1
Growth kinetics of P. thiaminolyticus SY20 against E. coli ATCC 25922. The line chart represents the change in the bacterial density and pH in the fermentation broth with the culture time, respectively. The histogram represents the antimicrobial activity of the fermentation supernatant against E. coli ATCC 25922, inhibition zone diameter is expressed as mean ± standard deviation (n = 3), each column followed by the different letter is significantly different at the 5% level.




Characterization of the physicochemical properties of the supernatant

The effect of pH, temperature, enzymes, detergents, and metal ions on the antagonistic activity of the supernatant is shown in Figure 2. The supernatant was active in the acidic conditions and gradually increased when the pH value decreased. However, the antimicrobial activity was slashed in alkaline conditions but retained at pH 12.0 (Figure 2A). The antagonistic activity remained when the supernatant was exposed to 80°C for 30 min. But the activity was lost after autoclaving for 30 min at 121°C (Figure 2B). It was basically not impacted by the treatment of catalase, trypsin, pepsin, lipase, and papain but partially affected by α-amylase and totally lost activity by proteinase K (Figure 2C). Different mental irons on antimicrobial activity demonstrated that it was stable at 0.1 M Na+, K+, and 0.05 M Fe3+ and slightly improved by 0.01 M Mn2+. However, the activity was obviously inhibited by 0.1 M Mg2+ and 0.0025 M Al3+ even inactivated by 0.1 M Ca2+ (Figure 2D). The antimicrobial activity of the supernatant was slightly inhibited by 1% urea and EDTA but was found to increase with the addition of 1% Triton-100, Tween-20, and Tween-80. Notably, the antagonistic activity was lost after treatment with 0.01% SDS (Figure 2E).
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FIGURE 2
Effect of pH (A), temperature (B), enzymes (C), metal ions (D), and detergents (E) on the antagonistic activity of supernatant against E. coli ATCC 25922. Inhibition zone diameter is expressed as the mean of three replicates, and the vertical bar indicates the standard deviation, each column followed by the same letter is not significantly different at the 5% level.




Preparation and purification of antimicrobial agent

The crude extract (CE) was prepared by ammonium sulfate–graded precipitation. The precipitations (precipitated by 65∼100% saturation) exhibited the best antagonistic activity against E. coli ATCC 25922 (Supplementary Figure 1). After being dialyzed and lyophilized, the CE was prepared and then further purified by ion-exchange chromatography and RP-HPLC. The CE, re-dissolved in 20 mM Tris-HCl buffer (pH 7.2), was first loaded onto the CM Sepharose Fast Flow column. The elution components were collected with 8 ml per tube. Three peaks C1 (tubes 2–6), C2 (tubes 7–9), and C3 (tube12), as well as one not obvious C4 (tubes 14 and 15), were isolated (Figure 3A). The C4 eluted by 60% buffer B showed a distinct UV absorption peak at 214 nm when it was partially amplified (Figure 3B) and exhibited strong antagonistic activity against E. coli ATCC 25922 (Figure 3C). The active fraction C4 was dialyzed and further separated on an RP-HPLC system with the C18-H column. An active peak at the retention time of 9.248 min was observed, and the collected fraction exhibited antagonistic activity by agar well diffusion method, as shown in Figure 4, which suggested the active agent was purified.
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FIGURE 3
Purification of the antimicrobial agent from the crude extract by CM Sepharose Fast Flow column (A), zoom in locally on the peak C4 (B), and determination of the antimicrobial activity of different tubes against E. coli ATCC 25922 (C). The elution components were collected with 8 ml per tube (the serial number of each tube was marked on the abscissa from 2 to 19), three distinct peaks C1 (tubes 2–6), C2 (tubes 7–9), C3 (tube12), and one not obvious peaks C4 (tubes 14 and 15) were isolated, zooming out the range of the longitudinal axis could exhibit the C4 clearly (B).
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FIGURE 4
Purification of the antimicrobial agent from the fraction C4 by C18-H column and determination of the antimicrobial activity of the peaks against E. coli ATCC 25922.




Characterization of the antimicrobial agent by LC-MS and matrix-assisted laser desorption ionization–time of flight mass spectrometry

The HPLC-purified agent was subjected to LC-MS using a maXis impact mass spectrometer. The primary mass spectrometry analysis found that the compound with the retention time of 9.284 min had a high-resolution multi-charge ion [M + 2H]2+ value of 579.3710, the other multi-charge ion [M + H + Na]2+ value of 590.3616, and a molecular ion [M + H]+ of 1157.7359, which could be determined that the molecular mass of the active agent was 1156.73 Da (Figure 5A). Subsequently, MALDI-TOF MS was performed for molecular mass and purity. Only one peak with m/z at 1179.805 was observed (Figure 5B), which was inferred with [M + Na]+, and the molecular mass of 1156.83 Da was calculated, which was basically consistent with that of LC-MS, and also revealed the active agent as a pure compound.
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FIGURE 5
Verification of the molecular mass and purity of the antimicrobial agent by LC-MS (A) and MALDI-TOF MS (B) analysis. m/z = 1179.805, which was inferred with [M + Na]+, the molecular mass of 1156.83 Da was calculated.




Elucidation of the antimicrobial agent combined with whole genome mining

To further identify the active agent, the whole genome of P. thiaminolyticus SY20 was loaded onto the AntiSMASH 5 to detect NRPS and gene clusters of ribosomally synthesized bacteriocins. A hybrid NRPS gene cluster, spanning a 40.69 kb region, was found in the whole genome, which shared high similarity with the gene cluster of colistin (polymyxin E1) from Paenibacillus alvei B-LR (Tambadou et al., 2015), as shown in Figure 6A. Colistin is a lipopeptide antibiotic produced by strains of Paenibacillus polymyxa and widely used to treat infections caused by multi-resistant harmful bacteria (Matzneller et al., 2015; Tambadou et al., 2015). The pmx gene clusters possessed five open reading frames (ORFs) named PmxA, PmxB, PmxC, PmxD, and PmxE, with three genes (PmxA, B, and E) encoding NRPS and two genes (PmxC and D) encoding putative ABC transporters, which were mainly involved in the externalization or resistance of the antibiotics (Tambadou et al., 2015). Five ORFs with the same transcription orientation were included in the hybrid NRPS gene cluster corresponding with those of the pmx, among which the ORFs ctgl-5051, ctgl-5052, ctgl-5053, ctgl-5054, and ctgl-5055 shared 96, 98, 95, 95, and 91% identities with PmxE, PmxD, PmxC, PmxB, and PmxA, respectively (Figure 6A). Hence, we deduced the hybrid NRPS gene cluster might encode polymyxin synthetase, the ORF ctgl-5053 and ctgl-5054 encode membrane transporters, while ctgl-5051, ctgl-5052, and ctgl-5055 encode polymyxin synthetase.
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FIGURE 6
Analysis of NRPS gene cluster and the structure of polymyxin A1 from P. thiaminolyticus SY20. (A) The pmx gene cluster of colistin and a hybrid NRPS gene cluster in P. thiaminolyticus SY20; (B) genetic structure of the hybrid NRPS gene cluster and domain organization of every modular; (C) Primary structure of polymyxin A1, FA: 6-methyloctanoic acid.


NRPS is produced by a multienzyme complex with modular structures (Sukhanova et al., 2018). Each module is responsible for assembling one or more specific amino acids into the final product. The typical module of an NRPS consists of different domains, such as adenylation (A), thiolation (T), condensation (C), epimerization (E), and thioesterase (TE) domains (Kim et al., 2015). The A domain plays the role of selecting and activating the amino acid substrate; once the correct substrate is selected, the T domain is responsible for transporting the substrate to the catalytic center through covalent bond binding, and then the C domain catalyzes the formation of peptide bonds. In addition to these core domains, the thioesterase domain (TE) plays the role of terminating enzyme reactions and releasing products, and the E domain is mainly responsible for the conversion of L-amino acids to D-amino acids (Choi et al., 2009; Galea et al., 2017). The hybrid NRPS encoding cluster consisted of ten modules that were subjected to NPRSsp (see text footnote 3) for monomer predictions, among which the ctgl-5051 contained five modules encoding the synthesis of Dab-Thr-(D)Dab-Dab-Dab, the ctgl-5055 contained four modules encoding the synthesis of (D)X-Thr-Dab-Dab, and the ctgl-5054 contained a module encoding the synthesis of Thr (Figure 6B).

Although the first amino acid of the ctgl-5055 gene failed to predict, it was certain that the active agent may belong to the polymyxin family according to the amino acid sequence encoded by these modules. Combined with the molecular weight 1156.73 Da measured by LC-MS and MALDI-TOF MS, the polymyxin A1 was suggested for the purified active agent, which was reported by Wilkinson in 1966 (Wilkinson and Lowe, 1966), and the first amino acid candidate of the ctgl-5055 gene was D-Leu. The structure of polymyxin A1 is a cyclic heptapeptide with a tripeptide side chain acylated by a fatty acid at amino terminus as shown in Figure 6C. It possessed a theoretical mass of 1,157 Da, which was exactly in accord with that of our results detected by LC-MS or MALDI-TOF MS. Simultaneously, the amino acid sequence encoding by ctgl-5051, ctgl-5055, and ctgl-5054 was completely contained in the polymyxin A1 molecular formula with ctgl-5051 coding position 1–5, ctgl-5055 coding position 6–9, and ctgl-5054 coding position 10, respectively.



Verification of the antimicrobial agent by liquid chromatography-tandem mass spectrometry and amino acid analysis

MS/MS analyses were performed in order to confirm the inference of antimicrobial agent as the polymyxin A1 (Figure 7A). A number of amino acid residues with an experimental mass of 100.06 Da suggested the presence of 2,4-diaminobutyric acid (Dab) moieties in the structure (Figure 7B; Martin et al., 2003). The cationic Dab residues with a molecular formula of C4H8N2O were ubiquitous within the cyclic heptapeptide and side chain groups on polymyxin, which played a key role in polymyxin’s antimicrobial activity and the highly cationic nature of molecule (Yu et al., 2015). It was known that the polymyxin contained a distinct fatty acyl group (FA) that varies in length from 7 to 9 carbons and has been identified including (S)-6-methyloctanoyl, 6-methylheptanoyl, octanoyl, heptanoyl, nonanoyl, and 3-hydroxy-6-methyloctanoyl (Velkov et al., 2019). A distinct peak 241.19 in MS/MS was deduced to be FA-Dab, hence, the fatty acyl group with a mass of 141.13 Da was characterized as 6-methyloctanoyl (C9H17O) which coincided with the one in polymyxin A1 (Figures 7A,C). Simultaneously, a lot of fragment ions were identified in accordance with the composition of the polymyxin A1 (Figure 7C). The amino acid analysis also supported the MS/MS data, and the amino acid composition matched with polymyxin A1 (Supplementary Figure 2). Furthermore, the antimicrobial determination further supported the result. The antimicrobial activity against E. coli ATCC 25922 disappeared when a certain amount of LPS were added to the active agent and the supernatant, respectively (Supplementary Figure 3), which was consistent with the antimicrobial mechanism of polymyxin and suggested the antimicrobial agent belonged to the family.
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FIGURE 7
Verification of the antimicrobial agent as polymyxin A1 by LC-MS/MS and amino acid analysis. (A) MS/MS spectra acquired for the m/z = 1157.7359; (B) fragment ions (m/z); (C) proposed linear structure for the antimicrobial agent polymyxin A1. FA: 6-methyloctanoic acid (C9H17O).




Antimicrobial spectrum of the supernatant and the active agent

The antimicrobial spectrum of the supernatant and the active agent was determined using the agar well diffusion method, and the results are shown in Supplementary Table 1. Antimicrobial assays showed that they could inhibit numerous Gram-negative species, including E. coli ATCC 25922, S. enteritidis CCTCC AB 94018, K. pneumoniae ATCC 10031, E. sakazakii ATCC 29544, V. parahaemolyticus ATCC 10031, Psychrobacter pulmonis, Pseudomonas aeruginosa PAO1, and S. typhimurium ATCC 14028 but failed to inhibit S. putrefaciens ATCC 8071 and P. fluorescens ATCC 13525. As for Gram-positive bacteria, the active agent isolated was ineffective against all tested bacteria, but the supernatant was effective against B. subtilis, L. plantarum DMDL 9010, S. aureus RN4220, L. rhamnosus B1107, and B. licheniformis SG18. In addition, the supernatant and active agent failed to inhibit P. thiaminolyticus SY20 itself.




Discussion

Paenibacillus genus is known for its potential to produce a wide range of structurally diverse antimicrobial compounds, including bacteriocins, non-ribosomal lipopeptides, polyketides, peptide–polyketide hybrids, and even a wide range of volatile organic compounds (Grady et al., 2016; Lebedeva et al., 2020). Therefore, the supernatant of P. thiaminolyticus SY20 was used to determine the physical and chemical properties, which were regarded as an essential task for characterizing the antimicrobial agents and contributed to the subsequent purification. For example, the supernatant was sensitive to proteinase K (Figure 2C), which indicated the proteinaceous nature of antimicrobial agents produced by P. thiaminolyticus SY20 (Perumal and Venkatesan, 2017). The antimicrobial activity of the supernatant was damaged by SDS (Figure 2E), which may be attributed to the destruction of the spatial structure of proteinaceous antimicrobial agents. The supernatant was found to be active in acidic conditions and gradually slashed in alkaline ones (Figure 2A), which could be used as a reference for buffer selection in the purification process. The thermostability of the supernatant suggested that purification could be carried out in a wide temperature range.

Outstandingly, the antimicrobial activity was obviously inhibited by Mg2+ and even inactivated by Ca2+ (Figure 2D), which inspired that contact with these ions should be avoided during purification. In addition, ionic sensitivity also implied that the active agent belonged to the polymyxin family. As previously reported, the increasing concentrations of Ca2+ and Mg2+ were already shown to hamper or abolish the antibacterial efficacy of polymyxins (Davis et al., 1971; Matzneller et al., 2015). One of the antimicrobial mechanisms of polymyxin against Gram-negative bacteria was believed that it interacted electrostatically with the outer membrane of Gram-negative bacteria and killed bacteria through membrane lysis (Yu et al., 2015). Some divalent cations, such as Ca2+ and Mg2+, usually serve as a bridge between the adjacent lipopolysaccharide (LPS) molecules to stabilize the monolayer (Velkov et al., 2016). However, polymyxins could selectively bind to LPS through the positively charged Dab residues by displacing divalent cations (Ca2+ and Mg2+) and led to the destruction of the integrity of both the outer and the cytoplasmic membrane, ultimately leading to cell death (Yun et al., 2017). It was speculated that the addition of Ca2+ and Mg2+ irons might compete with polymyxin A1 in the binding of the LPS, thus impairing the antimicrobial effect of polymyxin A1. Therefore, the addition of LPS could also play a role in inactivating the antimicrobial activity of polymyxins. Another explanation was about the two-component systems PhoP/PhoQ and PmrA/PmrB, which were involved in the LPS modifications and played an essential role in regulating polymyxins resistance. However, PhoP/PhoQ and PmrA/PmrB were reported to be affected by cation concentrations (calcium, iron, and magnesium) (Poirel et al., 2017).

Based on proteinaceous nature of antimicrobial agents, ammonium sulfate-graded precipitation, ion-exchange chromatography, and RP-HPLC were used for purification. The antimicrobial agents were mainly precipitated by 65∼100% saturation, which was speculated that the antimicrobial agents were more hydrophilic, requiring a higher saturation of ammonium sulfate (Guo et al., 2020). Subsequently, the antimicrobial substance was eluted from the CM Sepharose Fast Flow column with a high salt concentration of 60% buffer B. It was mainly attributed to the six cationic Dab residues making the polymyxin A1 positively charged at pH 7.4 (Velkov et al., 2016; Galea et al., 2017). The active peak C4, with a very weak UV absorption at 214 nm and no absorption at 280 nm, made it easy to be ignored in the separation process. This was mainly due to the absence of phenylalanine, tryptophan, and tyrosine in the structure of polymyxin A1, which made it difficult for purification. Another obstacle was the low molecular weight of polymyxin A1 (about 1156.7 Da), which invalidated the traditional concentration method by ultrafiltration tube during separation.

Polymyxin A1 was characterized by the mass and the structure by LC-MS, MALDI-TOF MS combined with whole genome mining. In this study, the mass of the active agent could be determined by LC-MS and MALDI-TOF MS. But it was always insufficient to elucidate the structure. The whole genome information provided us with a new reference for quickly focusing on the gene clusters involved in antimicrobial compounds (Zidour et al., 2019). This was due to the rapid development of diverse bioinformatics tools to mine genomic sequences for the biosynthetic gene clusters of ribosomal and non-ribosomal natural products (van Heel et al., 2017). A novel head-to-tail cyclized antimicrobial peptide was isolated and characterized from Bacillus pumilus by genome-guided identification (van Heel et al., 2017). Forty biosynthetic gene clusters were characterized in two cave strains of Paenibacillus sp. by genome mining (Lebedeva et al., 2020). Therefore, through biosynthetic gene clusters analysis, the molecular weight predicted by mass spectrometry combined with physicochemical assessment of the supernatant, we could deduce roughly what the active agent was. In addition, we also confirmed the inference of polymyxin A1 by LC-MS/MS, amino acid analysis, and antimicrobial assays in subsequent experiments.

From the antimicrobial spectrum of polymyxin A1 isolated, we found it mainly inhibited the Gram-negative bacteria, which was consistent with that of polymyxin antibiotics. Furthermore, an interesting observation was that the supernatant could also inhibit some Gram-positive bacteria but the polymyxin A1 isolated was invalid. This suggested that except for polymyxin A1, there may be other active agents produced in the supernatant of P. thiaminolyticus SY20. Many multiple-component bacteriocin systems are now known to be produced by Gram-positive organisms and have been reviewed recently (Martin et al., 2003). In the future, we can further explore whether P. thiaminolyticus SY20 produces other novel antimicrobial compounds. In addition, we found the supernatant and active agent had no inhibitory effect on its producing bacteria P. thiaminolyticus SY20, which may be attributed to the ORFs of ctgl-5053 and ctgl-5054 encoding membrane transporters. The locations of the two tandem transporters within the polymyxin A1 gene cluster suggest a role in conferring resistance against polymyxin via secretion by the producing cell (Choi et al., 2009; Galea et al., 2017).

The excellent antimicrobial activity of polymyxins against MDR pathogenic bacterial infections has led to its reemergence among the antibiotics currently used in clinical practice in order to deal with such bacteria. As the last resort to MDR, only polymyxin B and colistin (polymyxin E) are widely explored in polymyxins family. Although they share a common antimicrobial mechanism and spectrum, the only amino acid in their structure makes the activity and toxicity different (Kwa et al., 2007). Compared with polymyxin B and colistin, polymyxin A1 is structurally distinct by three and two amino acids, respectively. In further literature survey, we found polymyxin A1 was reported only in Paenibacillus dendritiformis and Paenibacillus polymyxa, which was a rarely explored member of polymyxins (Jangra et al., 2018).



Conclusion

In this study, an antimicrobial strain, named P. thiaminolyticus SY20, was isolated from the sour bamboo shoots sample which possessed antimicrobial activity against both Gram-positive and Gram-negative foodborne pathogenic bacteria. The polymyxin A1 was purified and identified from the supernatant of P. thiaminolyticus SY20 that has never been reported in this species and is considered to have antimicrobial efficacy against Gram-negative bacteria. Meanwhile, the biosynthetic gene cluster of polymyxin A1 was determined, and the function of each ORF has been preliminarily identified and analyzed. Based on these findings, the polymyxin A1 produced by P. thiaminolyticus SY20 should be further explored for its applications.
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Mutation-driven evolution of novel function on an old gene has been documented in many development- and adaptive immunity-related genes but is poorly understood in immune effector molecules. Drosomycin-type antifungal peptides (DTAFPs) are a family of defensin-type effectors found in plants and ecdysozoans. Their primitive function was to control fungal infection and then co-opted for fighting against bacterial infection in plants, insects, and nematodes. This provides a model to study the structural and evolutionary mechanisms behind such functional diversification. In the present study, we determined the solution structure of mehamycin, a DTAFP from the Northern root-knot nematode Meloidogyne hapla with antibacterial activity and an 18-mer insert, and studied the mutational effect through using a mutant with the insert deleted. Mehamycin adopts an expected cysteine-stabilized α-helix and β-sheet fold in its core scaffold and the inserted region, called single Disulfide Bridge-linked Domain (abbreviated as sDBD), forms an extended loop protruding from the scaffold. The latter folds into an amphipathic architecture stabilized by one disulfide bridge, which likely confers mehamycin a bacterial membrane permeability. Deletion of the sDBD remarkably decreased the ability but accompanying an increase in thermostability, indicative of a structure-function trade-off in the mehamycin evolution. Allosteric analysis revealed an interior interaction between the two domains, which might promote point mutations at some key sites of the core domain and ultimately give rise to the emergence of antibacterial function. Our work may be valuable in guiding protein engineering of mehamycin to improve its activity and stability.
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Introduction

Functional diversification (also known as functional shift) of genes primarily occurs among paralogs generated by gene duplications (Ganfornina and Sánchez, 1999; Philippe et al., 2003; Nei, 2013) but some studies have indicated that such event also occurs in orthologs formed by speciation (Ganfornina and Sánchez, 1999; Zhu et al., 2020). Antimicrobial peptides (AMPs), normally <100 amino acids in size, form a key component of an organism’s innate immune system, which show broad-spectrum antimicrobial activity against a range of pathogenic bacteria, fungi, viruses, and protozoa (Zasloff, 2002, 2019; Bulet et al., 2004). Because of their presence as either a single-copy or multi-copy form in different species and often exhibiting a differential antimicrobial spectrum, AMPs may become a model to study the evolutionary novelty of genes after gene duplication or speciation. A majority of the AMPs display hydrophobic and cationic properties, which allows them easily attach to and insert into membrane bilayers to damage the membrane structure. Also there exist non-membrane disruptive AMPs that target key cellular processes, such as DNA and protein synthesis, enzymatic activity and cell wall synthesis (Brogden, 2005; Nguyen et al., 2011). It is known that the AMPs sourced from vertebrates have developed their immunomodulatory capacity (Easton et al., 2009; Mansour et al., 2014), which likely interferes with the immune system functions when systematically administered (Zhu et al., 2022). However, some AMPs from the organisms evolutionarily distant from vertebrates could be viable drug candidates for dealing with the growing problem of antibiotic resistance (Fox, 2013; Magana et al., 2020; Zhu et al., 2022).

Defensins are a group of small cationic AMPs stabilized by several disulfide bridges, which can be classified as cis and trans based on their disulfide bridge connectivity patterns (Ganz, 2003; Silva et al., 2014; Shafee et al., 2016). The cis-defensins refer to a class of peptides with the cysteine-stabilized α-helix and β-sheet (CSαβ) motif (i.e., CSαβ-defensin) and they are distributed in invertebrates, plants, fungi and bacteria (Mygind et al., 2005; Zhu et al., 2005, 2020, 2022; Gao et al., 2009a; Shafee et al., 2016). The trans-defensins comprise α-, β-, and θ-defensins derived from vertebrates, and big defensins from invertebrates (Zhu and Gao, 2013; Shafee et al., 2016). Evolutionarily, both of them might originate from a common ancestry (Zhou et al., 2019). Based on the differences of sequences, origins, and functions, CSαβ-defensins can be further distinguished into three subgroups including antibacterial ancient invertebrate-type defensins (AITDs), antibacterial classical insect-type defensins (CITDs), and antifungal plant/insect-type defensins (PITDs) (Zhu, 2008).

Drosomycin is the first inducible antifungal peptide originally isolated from the hemolymph of immune-challenged Drosophila melanogaster, which belongs to the member of the superfamily of CSαβ defensins (Fehlbaum et al., 1994; Landon et al., 1997; Zhang and Zhu, 2009). It is a small cationic peptide comprised of 44 residues stabilized by four disulfide bridges (Figure 1A), which selectively damages spores and hyphae of filamentous fungi through causing partial lysis (Fehlbaum et al., 1994; Landon et al., 1997; Gao and Zhu, 2008). Structure-function relationship studies of drosomycin have highlighted the functional role of seven charged and one aromatic residues in its antifungal activity (Zhang and Zhu, 2010; Zhu and Gao, 2014). Besides drosomycin, the D. melanogaster genome also encodes six additional paralogs (Drosomycin-1 to Drosomycin-6), all located on 3L chromosome arm with three distinct clusters, in which only Drosomycin-2 has been confirmed to have antifungal activity (Fehlbaum et al., 1994; Tian C. et al., 2008; Deng et al., 2009). Drosomycin-type antifungal peptides (DTAFPs) are restrictedly distributed in some ecdysozoans including three phyla (Arthropoda, Nematode, and Tardigrade), and nearly all species of plants (i.e., plant defensins), but absent in fungi and protozoans (Carvalho Ade and Gomes, 2011; Zhu and Gao, 2014). Such a patchy distribution pattern indicates a consequence of the plant-to-ecdysozoan horizontal gene transfer (Zhu and Gao, 2014).
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FIGURE 1
Sequence and structure of mehamycin. (A) Multiple sequence alignment (MSA) of mehamycin and other representative drosomycin-type antifungal peptides (DTAFPs) from Drosophila and nematodes. Identical acidic amino acids are shaded in red, basic in blue, hydrophobic in green, hydrophilic in cyan, and all cysteines in yellow. The pairing pattern of disulfide bridges and secondary structure elements (cylinder: α-helix; arrow: β-strand) are drawn according to the structural coordinates of drosomycin (pdb entry 1MNY). The dotted line indicates the disulfide bridge absent in other members. Phase-1 introns are boxed in pink. The proposed insertion of mehamycin is boxed in black. (B–D) Solution structure of mehamycin. (B) A family of 20 lowest energy structures superimposed over the backbone atoms of residues 1–61. (C) A ribbon model of a representative structure with disulfide connectivities shown in ball and stick model. The termini are labeled with N-ter and C-ter, and cysteines with their residue numbers. (D) Surface potential distribution with negatively charged, positively charged, and electrostatically neutral zones highlighted in red, blue, and white, respectively.


The majority of DTAFPs exist as multigene families and some have evolved novel biological activities. For example, in Drosophila takahashii, two members (DtDrosomycin-11 and DtDrosomycin-11d) of the multigene family lost the disulfide bridge linking the amino- and carboxyl-termini of the peptide (Figure 1A), which leads to the evolutionary emergence of antibacterial activity accompanying the complete loss or a significant reduction in antifungal function (Gao and Zhu, 2016). In contrary to drosomycin from Drosophila that lack an intron, nematode DTAFPs have a conserved gene structure composed of two exons and one phase-1 intron (Figure 1A). Similarly, the multigene family of DTAFPs comprising 15 members (Cremycin-1 to Cremycin-15) in the fruit nematode Caenorhabditis remanei also lack the fourth disulfide bridge (Figure 1A). Consequently, Cremycin-5 exhibits activity against the yeast pathogen Candida albicans not limited to filamentous fungi, whereas Cremycin-15 has evolved an antibacterial activity (Zhu and Gao, 2014). It is also worth mentioning that DTAFPs in scorpions have been proposed to switch their targets to animal sodium channels (Cohen et al., 2009; Zhu et al., 2010, 2020). In addition to the typical DTAFPs in nematode species, there exists a class of structurally unique DTAFPs in the Northern root-knot nematode Meloidogyne hapla and the reniform nematode Rotylenchulus reniformis, which contain one insertion of 10–22 residues preceding the α-helix of the DTAFP scaffold, named single disulfide bridge-linked domain, abbreviated as sDBD (Zhu and Gao, 2014; Gu et al., 2018). Mehamycin derived from M. hapla is such a peptide with an 18-residue sDBD (Figure 1A), which is accompanied by functional change acquiring moderate antibacterial activity (Gu et al., 2018).

In this work, we report for the first time the experimental structure of mehamycin using the Nuclear Magnetic Resonance (NMR) Spectroscopy technique, and the comparison study on structure and function between mehamycin and its mutant with the sDBD deleted. Using allosteric analysis, we further revealed an interior interaction between its two domains, in which the insertion could promote the evolution of the core domain. This study will help us better understand the role of mutations in driving the functional novelty of a species-specific bi-functional defensin following speciation. In the meantime, it also provides new insights into evolution-guided design of peptide drugs.



Materials and methods


Recombinant expression vector construction

Inverse PCR was employed to generate mehamycin truncated mutant with the plasmid pET-28a-mehamycin previously constructed (Gu et al., 2018) as template. Two back-to-back primers were synthesized [Δ(F13-A30)-FP: CATCGTAAATTATGCATTAAGCTT; Δ(F13-A30)-RP: ATAACATGGACCTTTATATTTACC] by Beijing Genomics Institution (BGI)-Tech (Beijing, China). The amplification conditions were 5 min at 94°C followed by 30 cycles (45 s at 94°C, 45 s at 55°C, and 5 min at 72°C) with ExTaq DNA polymerase (Takara, Dalian, China). The PCR products were modified by 5′-end phosphorylation with T4 polynucleotide kinase (Takara) and ATP after end polishing with Pfu polymerase (CW Biotech, Beijing, China). Subsequently, the products circularized by T4 DNA ligase (Takara) were used for Escherichia coli DH5a transformation. Positive clones were confirmed by DNA sequencing (Tsingke Biological Technology, Beijing, China).



Protein expression and purification

Recombinant plasmids were transformed into E. coli BL21 (DE3) pLysS cells grown in LB medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl, pH 7.2) for protein expression. The induction was initiated with 0.5 mM IPTG at an OD600 of 0.2. Cells were harvested after induction for 4 h at 37°C by centrifugation and were resuspended in buffer containing 0.1 M Tris–HCl (pH 8.5) and 0.1 M NaCl for sonication. In vitro refolding and purification of recombinant protein, expressed as inclusion body, was performed according to the previously reported method (Turkov et al., 1997; Zhu et al., 2013; Gu et al., 2018). Briefly, inclusion bodies were firstly washed with isolation solution containing 2 M urea and 2% Triton X-100, and then solubilized in denaturation buffer containing 6 M guanidine-HCl, 1 mM EDTA, 0.1 M Tris–HCl (pH 8.5), and 30 mM β-mercaptoethanol for 2 h. Refolding was performed by 20-fold dilution in 0.2 M ammonium acetate (pH 9.0) at room temperature for 48 h. Refolded protein was dissolved in water after salting out by 80% saturation of solid ammonium sulfate. The UV absorbance was monitored spectrophotometrically at a wavelength of 225 nm. The single well-defined peak of recombinant protein was collected and lyophilized by Thermo Scientific SAVANT SPD1010 SpeedVac Concentrator (USA). To produce 15N-labeled protein for NMR, E. coli cells transformed with the pET-28a-mehamycin were grown in M9 minimal medium (0.6% Na2HPO4, 0.3% KH2PO4, 0.05% NaCl, 0.1% 15NH4Cl, 0.2% glucose, 0.001% Thiamine, 0.012% MgSO4, 0.001% CaCl2, and 33 μM FeCl3). The labeled samples were prepared using the procedure described above. The purity and molecular mass was determined by matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) using an ultraflextreme instrument (Bruker, Rheinstetten, Germany) in the positive-ion reflection mode and a-cyano-4-hydroxycinnamic acid (CHCA) as a liquid matrix.



Circular dichroism spectroscopy

Structural features of recombinant peptides were studied by circular dichroism (CD) spectroscopy analysis on Chirascan Plus spectropolarimeter v.4.4.0 (Applied Photophysics Ltd., UK) (Gao and Zhu, 2016). Spectra were recorded at 10–65°C with a quartz cell of 1.0 mm thickness with a peptide concentration of 0.1 mg/ml in water. The wavelengths used ranged from 185 to 260 nm. Data were collected at 1 nm intervals with a scan rate of 60 nm/min and expressed as delta epsilon (cm–1M–1) calculated as [θ × (MRW × 0.1)/(C × L)/3298], where θ is the ellipticity (in millidegrees), C is the concentration (in mg/ml), L is the pathlength (in cm), and MRW is the mean residue weight (in Da).



Nuclear magnetic resonance spectroscopy

The purified 15N-labeled peptide was dissolved into H2O containing 10% D2O for NMR lock, and the pH was adjusted to 4.5 with DCl and NaOD. A set of the free induction decay (FID) data (15N-separated 3D-NOESY, 15N-separated 3D-TOCSY, 1H-1H 2D-NOESY and 1H-1H 2D-TOCSY) was recorded on a Bruker AVANCE-III 800. Mixing time of NOESY and spin lock time of TOCSY were set as 120 and 70 msec, respectively. During the NMR experiments, the sample temperature was kept at 25°C. All FID data were processed and displayed with NMRPipe (Delaglio et al., 1995). The NMR spectra were analyzed with Sparky.1 The three-dimensional structure was elucidated with CYANA-2.1 (Lopez-Mendez and Güntert, 2006) and Xplor-NIH (Schwieters et al., 2003). Structural figures were generated with MOLMOL (Koradi et al., 1996). The chemical shift data and coordinates of mehamycin were deposited to BioMagResBank (accession number 36511) and ProteinDataBank (accession number 8GXT), respectively.



Antimicrobial activity assay

Lethal concentration (CL) of a peptide was determined by inhibition zone assay performed according to the previous procedure (Hultmark, 1998; Ekengren and Hultmark, 1999). Briefly, filamentous fungi were incubated on potato dextrose agar (PDA) (20% potato, 2% glucose, and 1.5% agar) plate at 30°C for 1 week. Spores were harvested and suspended in sterile water with an OD600 of 0.5. A total of 6-ml preheated PDA containing 0.8% agar was mixed with 50 μl spores suspension and poured into 9-cm Petri dishes, giving a depth of 1 mm. 2-mm wells were punched in the plate and then filled with 2 μl of two-fold serially diluted peptides at three different doses. The agar plates were incubated overnight at 30°C, and zones of inhibition were measured. Bacteria or C. albicans respectively grown in LB medium or potato dextrose broth (PDB) (20% potato and 2% glucose) at an OD600 of 0.5 were used as the same procedures described above. A lethal concentration (CL) was calculated from a plot of d2 against log n, where d is the diameter (in cm) of inhibition zone and n is the amount of peptide applied in the well (in nmol). The plot is linear and thus CL can be calculated from the slope (k) and the intercept (m) of this plot. The formula used here is CL = 2.93/ak10m/k, where a is the agar depth (in cm) and CL is in μM. Sources of microbial strains used in this assay are provided in Supplementary Table 1.



Membrane permeability assay

The membrane permeability assay was performed according to the previous procedure (Zhu et al., 2022). 5 × 105 Bacillus megaterium cells in 500 μL of phosphate buffered saline (PBS) (pH 7.3) were incubated with 1 μM propidium iodide (PI) for 5 min in the dark. Fluorescence was measured using the F-7000 spectrophotometer (Hitachi High-Technology Company, Japan). Once basal fluorescence reached a constant value, peptides or vancomycin at 2.5 or 5 × CL were added, and changes in fluorescence arbitrary were monitored (λexc = 525 nm; λems = 595 nm). Vancomycin, a bacterial cell-wall synthesis inhibitor without cellular permeability, and Meucin-18, a scorpion venom-derived lytic peptide (Gao et al., 2009b), were used as negative and positive control, respectively.



Residue relevance analysis

ProteinLens (Mersmann et al., 2021), an atomistic graph-theoretical method for the investigation of allosteric signaling within one molecule, was used to analyze potential residue relevance between sDBD and drosomycin-like domain (DLD) subdomains of mehamycin. Three cationic residues derived from the inserted domain were selected as source sites given their potential functional importance. The server used was at https://www.proteinlens.io/webserver/.




Results


Mehamycin adopts a cysteine-stabilized α-helix and β-sheet fold with a disulfide bridge-stabilized extended loop

To investigate the structure and function relationship of mehamycin, we firstly determined its experimental structure using NMR spectroscopy analysis of the 15N-labeled protein (Figure 1B). NMR-derived constraints and structural statistics are summarized in Table 1. Only 28% residues in the molecule form the regular secondary structure, thus large part of mehamycin exists as random coil. Because of such structural property, number of observed nuclear Overhauser effects (NOEs) is relatively small, including 690 signals (325 for Short-range, 156 for Medium range, and 209 for Long range), and less than that we expected for the molecular size. Therefore, the solution NMR structures were calculated with limited structural restraints and the final 20 structures showed moderate score in Ramachandran analysis with PROCHECK, with 51% residues in favored regions, 30% in additionally allowed regions, 12% in generously allowed regions, and 3.5% in disallowed regions. For the final 20 structures, no violations were found in distance (>0.5 Å) and angle (>5 degrees) restraints. The resulting family of 20 structures is shown in Figure 1B, and the ribbon model and the molecular surface colored with different charge distributions in Figures 1C,D, respectively. Mehamycin adopts a typical cysteine-stabilized α-helix and β-sheet (CSαβ) fold in its core scaffold, comprising an α-helix and a three-stranded antiparallel β-sheet stabilized by three disulfide bridges (Cys11–Cys49, Cys35–Cys57, and Cys39–Cys59). In the mehamycin structure, the helix region spans from residue 31 to 39, and the three β-strands are formed by residues 2–3, 46–48, and 58–60. Its core scaffold is highly similar to that of drosomycin with a root mean square deviation (RMSD) of 1.38 Å calculated from 35 structurally equivalent residues (Figure 2). Different from the previously computationally predicted structure, the sDBD forms an extended loop protruding from the scaffold stabilized by one disulfide bridge (Cys18–Cys23) other than a predicted α-helical conformation (Gu et al., 2018).


TABLE 1    Nuclear magnetic resonance (NMR)-derived constraints and structural statistics of the final 20 coordinates.

[image: Table 1]


[image: image]

FIGURE 2
Superimposition of mehamycin and drosomycin revealing their high structural similarity. Drosomycin (A). Mehamycin and drosomycin (B). Two distinct structural subdomains [single Disulfide Bridge-linked Domain (sDBD) and drosomycin-like domain, abbreviated as DLD] are indicated by dotted circles.




Identification of mehamycin truncated mutant

To explore the effect of the insertion on the structural and functional features of mehamycin, we used inverse PCR mutagenesis to delete the insertion (Phe13-Ala30) and prepared the recombinant truncated mutant named Δ(F13-A30) (Supplementary Figures 1, 2). Δ(F13-A30) was obtained from E. coli inclusion bodies with only one extra N-terminal Met, and thus in vitro refolding was carried out. The product was further purified by reverse phase high-performance liquid chromatography (RP-HPLC) with a retention time of 21 min as a totally symmetrical peak on the C18 analytical column (Figure 3A). The expression level was about 300 μg/L bacterial culture. The experimental average molecular mass was 5,200.03 Da determined by MALDI-TOF (Figure 3B), well matching the theoretical value of Δ(F13-A30) with an extra Met (5,201.19 Da) calculated from the sequence with six hydrogens removed due to the presence of three disulfide bridges. Using CD spectroscopy analysis, we evaluated the secondary structure of Δ(F13-A30), and confirmed its CSαβ structure, as identified by a positive maximum at 191 nm and a negative minimum at 207 nm (Figure 3C). In comparison with mehamycin, Δ(F13-A30) lacked a negative minimum around at 217–218 nm, a signature of α-helix, indicating that removal of the insertion decreased its helical content (Figure 3D).
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FIGURE 3
Characterization of mehamycin-del (F13-A30). (A) Reverse phase high-performance liquid chromatography (RP-HPLC) showing the retention time (TR) of Δ(F13-A30), indicated by an asterisk. (B) MALDI-TOF MS of HPLC-purified Δ(F13-A30). (C) CD spectra of Δ(F13-A30) at room temperature. (D) CD spectral superimposition of mehamycin and Δ(F13-A30) at room temperature. (E,F) CD spectra of mehamycin and Δ(F13-A30), measured at 10–65°C.




Δ(F13-A30) showing enhanced thermostability than the wild-type peptide

To investigate whether the insertion has an impact on the thermostability of mehamycin, we compared the temperature-induced structural changes between mehamycin and its truncated mutant Δ(F13-A30) using CD spectroscopy analysis (Figures 3E,F). With the temperature rise, the CD spectra of mehamycin underwent obvious right-shift accompanied with a decrease of negative ellipticity around 206 nm and a loss of negative band at 217–218 nm. Furthermore, the spectra showed significant changes at 185–190 nm measured beyond 55°C, indicative of its declined structural stability. In comparison with mehamycin, the spectra of Δ(F13-A30) displayed less alteration even when the temperature increased to 65°C. Taken together, our data demonstrated that the removal of sDBD can enhance the thermostability of mehamycin, indicative of a structure-function trade-off in the mehamycin evolution, as observed in the evolution of some enzymes, in which they obtained new enzymatic specificities but accompanied the loss of the protein’s stability (Shoichet et al., 1995; Tokuriki et al., 2008).



Δ(F13-A30) showing some different antimicrobial activity from the wild-type peptide

Using the classical inhibition-zone assay, we quantitatively evaluated the antimicrobial activity of Δ(F13-A30) and compared it with that of mehamycin previously reported (Gu et al., 2018). The results are summarized as follows (Table 2): (1) Δ(F13-A30) showed weaker antifungal activity than mehamycin against three fungi tested here (Neurospora crassa, Geotrichum candidum, and C. albicans). (2) In comparison with mehamycin that had moderate antibacterial activity, Δ(F13-A30) showed a relatively higher activity on an array of Gram-positive bacteria except B. subtilis, with a lethal concentration (CL) ranging from 2.08 to 3.86 μM. For example, for three oral Streptococcus bacteria (Streptococcus mutans, Streptococcus salivarius, and Streptococcus sanguinis) (Zhu et al., 2022), the CL ranged from 2.08 to 2.93 μM; For the endospore forming bacterium B. megaterium and a penicillin-resistant clinical isolate (Staphylococcus aureus P1383), the CL determined were respectively 2.69 and 3.86 μM. (3) Consistently to mehamycin, Δ(F13-A30) also exhibited no activity on E. coli at the concentration range used here. Such an opposite change in the antimicrobial activity after the deletion of sDBD likely reflects a difference in their action modes of fungal and bacterial killing.


TABLE 2    Comparison of lethal concentrations (CL) of Δ(F13-A30) and mehamycin.
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The role of single disulfide bridge-linked domain in conferring the membrane-disruptive ability of mehamycin

Compared with the primitive antifungal function, mehamycin has evolved a new antibacterial function, which is presumably originated from the insertion. To provide evidence in support of our opinion, we firstly carried out a survey of the AMP database2 and found that the sDBD shared about 30–50% sequence identity to a series of short, cationic AMPs essentially with a helical amphipathic design (Figure 4A). Subsequently, we analyzed the structural organization of the sDBD in the mehamycin structure and found that although this domain adopts an extended loop conformation, the disulfide bridge seems to provide some stabilized force to reduce its structural flexibility, allowing the formation of an amphipathic architecture (Figures 4B,C). In this design, three cationic residues (R21, K24, and K26) and a cluster of hydrophobic residues are segregated spatially into two distinct subdomains (Figures 4B,C).
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FIGURE 4
Sequence and structural bases of the membrane-disruptive ability of mehamycin. (A) Alignment of sDBD with a representative cationic lytic amphipathic peptide (Temporin–LTb) from frog skin. Identical amino acids are shaded in yellow. (B,C) The sDBD presents a typical local amphipathic architecture. The structure is shown as cartoons in a transparency mode in which residues involved in amphipathy are shown as sticks and colored in blue (basic), green (hydrophobic), and red (acidic), respectively. (D) Comparison of bacterial membrane permeation ability between mehamycin and Δ(F13-A30). Mehamycin and Δ(F13-A30) at 2.5 × or 5 × CL was added when the basal fluorescence remained constant for 200 s. Vancomycin (CL: 0.119 μM) and Meucin-18 (CL: 0.25 μM) were used as negative and positive control.


Based on these observations, we examined the membrane permeability of mehamycin on B. megaterium using propidium iodide (PI), a fluorescent nucleic acid-binding dye, and compared it with that of Δ(F13-A30). Vancomycin (an antibiotic inhibitor of bacterial cell wall synthesis) and Meucin-18 (a pore-forming peptide from scorpion venom) (Gao et al., 2009b) were used as negative and positive controls, respectively. As shown in Figure 4D, mehamycin at 2.5 × CL and 5 × CL caused an immediate fluorescence increase as observed in the cells treated by Meucin-18, indicating that the bacterial membrane integrity was destroyed. In striking contrast to the parent peptide, Δ(F13-A30) only showed a much more subdued fluorescence rise in the B. megaterium cells (Figure 4D). This experiment revealed the role of the insertion in conferring the membrane permeability of mehamycin through its amphipathic design.



Evidence for allosteric interaction between the single disulfide bridge-linked domain and drosomycin-like domain

As mentioned previously, the presence of sDBD is a unique trait that was only found in two nematode species. To investigate the effect of this functional domain on the evolution of the ancestral scaffold, we employed an allosteric analysis method, ProteinLens, to predict the potential residue relevance within mehamycin. By using the three cationic residues (R21, K24, and K26) located on the sDBD as source, we identified ten sites which are likely associated with the source residues (Figures 5A,B), of which eight are derived from the DLD domain (Figures 5C,D), including Y12, H31, L34, L38, N51, F53, F55, and W58, in support of the presence of allosteric communication between them. Of these ten relevant residues, seven (I16, F28, L34, L38, F53, F55, and W58) are hydrophobic and two of them (L34 and F55) are mehamycin-specific when compared with its ortholog Cremycin-5. In the latter, the equivalent residues are N and G, respectively (Figures 1, 5D). This observation suggests that this allostery could be mediated by a hydrophobic pathway to transfer the signal from the sDBD to DLD. This kind of interactions between two domains and the hydrophobicity increase in the whole molecule could commonly contribute the emergence of antibacterial function in mehamycin via disrupting the bacterial membrane structure.
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FIGURE 5
Residue relevance between sDBD and DLD subdomains of mehamycin. (A) The hotspot view of high or low connectivity to the source sites (R21, K24, and K26). All data points were plotted as propensity over distance from source, in which hotspots and coldspots are colored according to their quantile scores. (B) The relevant residues view at 0.90 quantile score cut off. (C) Mapping of relevant residues (red) to the source sites (green) on the structure of mehamycin. (D) Mapping of relevant residues (red) to the source sites (green) on the sequence of mehamycin.





Discussion

Nematodes are one of the largest animal phylum, which are distributed in virtually all terrestrial and aquatic habitats. To confront microbe-rich environments during at least part of life cycle, nematodes have evolved many kinds of AMPs as the first line of defense against microbial infection, including antibacterial factors (ABFs), nemapores, cecropins, and caenacins/neuropeptide-like protein (Tarr, 2012; Midha et al., 2017). Additionally, a minor multiple gene family of DTAFPs were identified in C. remanei, in which Cremycin-5 displays strict fungicidal activity against filamentous fungi and several clinical isolates of C. albicans (Zhu and Gao, 2014). In Caenorhabditis latens, Clatencin-5, the ortholog of Cremycin-5 with two substitutions, also exhibits strong antifungal activity (Gu et al., 2021). Mehamycin is a bi-functional nematode AMP with two interacting domains. In view of its unique structural and functional features, more detailed characterization of other nematode-derived DTAFPs should be encouraged since this will help provide new clues for exploring new-type peptide antibiotics.

This study reports for the first time the NMR structure of mehamycin. The 18-residues insertion preceding α-helix of mehamycin does not change its global CSαβ structure and forms an extended loop connected by an extra disulfide bridge. Indeed, the CSαβ structural motif has the potential to tolerate insertions, deletions and substitutions throughout the structure, thus considered as a candidate for engineering design (Zhu et al., 2005). For example, MeuNaTxα-3, an α-scorpion toxin from Mesobuthus eupeus, possesses a J-loop insertion, which has been explored as a protein scaffold to graft exogenous antiviral and antibacterial motif (Zhu et al., 2012; Zhang et al., 2016). Therefore, the development of mehamycin-based scaffold deserves further study and exploration.

The truncated mutant shows higher structural stability and weaker membrane permeability compared with mehamycin, suggesting that the insertion plays a key role in bactericidal mechanism likely through structural adjustment to form a local amphipathic architecture. In addition, the gain of the insertion can be considered as an evolutionary advantage to M. hapla through expanding the antimicrobial spectrum and accelerating to kill pathogens. By analyzing sequence and structural features of the insertion, the sDBD in mehamycin shows high sequence identity with a cationic lytic amphipathic peptide (Temporin-LTb) from frog skin, and presents a typical local amphipathic architecture with segregated cationic and hydrophobic residues. This could promote electrostatic and hydrophobic interactions of mehamycin with anionic bacterial membrane, leading to an increased membrane-disruptive ability. It is worth noting that the deletion of sDBD in mehamycin led to an increase in the antibacterial activity. This might be a consequence of the removal of an acidic residue (D29) by this deletion since it has been found that in some defensins (e.g., micasin and Cremycin-5), an acidic residue often acts as a trade-off residue to maintain protein homeostasis (Wu et al., 2016; Gu et al., 2021). This can be further verified by saturation mutagenesis of D29 in mehamycin. Further measurements of antimicrobial activity against microbes from ecological niche of nematodes are needed to fully understand the biological and evolutionary significance of the insertion.

Taken together, our structural and functional data suggest that the evolution of new function in mehamycin is driven by an insertion event (Figure 6). Different from drosomycin and Cremycin-5 that display strict antifungal activity, the DLD in mehamycin alone possesses both antifungal and antibacterial activities, suggesting that point mutations have occurred in this domain. Because prior studies have shown that in eukaryotic genomes indel mutations often induce an increase in the substitution rate of their flanking regions (Tian D. et al., 2008; Zhang et al., 2011), we proposed that the sDBD could further drive point mutations at key sites of the core domain to form a functional pathway to mediate two-domain communication and the emergence of antibacterial function (Figure 6). In addition, the finding of the allosteric residues could be useful as candidates for peptide engineering to improve the activity and stability of mehamycin based on their tight connection with the proposed functionally important cationic residues involved in membrane disruption.


[image: image]

FIGURE 6
Proposed evolutionary history of mehamycin. In this evolutionary scenario, the ancient drosomycin-type antifungal peptide (DTAFP) gained an insert after speciation from other nematodes, which further drove point mutations at key sites located on its flanking core scaffold region and ultimately led to the emergence of antibacterial function. The insert is represented by a pink cylinder and point mutations are represented by green dots.
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Escherichia coli (E. coli) infection and LPS-induced inflammation are still of severe threat to human health. With the increasing problem of antibiotic resistance, there is a desperate need to develop new approaches to solve the problem. Antimicrobial peptide (AMP) IDR-1018 exhibited potential antimicrobial and immunoregulation activity. However, moderate antimicrobial efficiency and susceptibility to protease cleavage limited its therapeutic application. Therefore, the derived 1018M which has better activity against MRSA and whole sequence D-amino acids substitution peptides (D1018 and D1018M) were synthesized in this study. The resistance of D1018 and D1018M against tested proteases increased (2–4 times), particularly in D1018. The antibacterial activity of D1018 was the same as that of the parent peptide IDR-1018, but the antimicrobial activity of D1018M was slightly increased (2-fold). Though the hemolysis of IDR-1018 and D1018 was about 2%, at the concentration of 8×MIC, the cytotoxicity of IDR-1018, D1018, and 1018M was negligible. The peptides could interact with E. coli cell wall and cytoplasmic membrane, penetrate the membrane, cause leakage of contents, and disrupt genomic DNA. Among them, D1018 is the most prominent one. In addition, IDR-1018 and D1018 showed potent binding ability to LPS, thus leading to excellent inhibition capacity to LPS-induced proinflammation response. Taken together, these data demonstrate that D1018 is a promising peptide candidate for the treatment of E. coli infection.

KEYWORDS
 antimicrobial peptide D1018, antibacterial, stability, LPS binding, Escherichia coli


Introduction

Escherichia coli (E. coli) is a natural bacterial parasite in the intestinal tracts (Ishii and Sadowsky, 2016). However, as a major cause of enteritis, urinary tract infection, neonatal meningitis, bacteriaemia, and septicemia (Allocati et al., 2013), it is still associated with high mortality (Sandra et al., 2021). Attributed to long-term pressure of overuse and abuse of antibiotics, varying degrees of resistance have been developed in E. coli strain. In China, the national average resistance rate of E. coli to quinolones in 2020 was 50.7% while the one to third-generation cephalosporins was 51.6% (CRASS, 2022). Consequently, to find out novel antimicrobial candidates is an urgent need.

Though antibiotic-treated patients could have had a higher survival rate, they had still showed higher lipopolysaccharide (LPS) levels than those antibiotic-free ones. LPS, composed of polysaccharides and lipids, is a major component of the gram-negative bacteria membrane. As the bacteria die, plasma LPS increases despite decreasing bacteremia, which may be lethal for sensitized patients (Holzheimer, 2001). LPS has the capacity of binding to Toll-like receptors (TLRs) of the cell as well as activating various downstream signaling pathways, leading to the synthesis of interleukin (IL)-1β, tumor necrosis factor alpha (TNF-α), IL-6, and other proinflammatory cytokines (Wells et al., 2009; Chunhua et al., 2022) Not only can they arouse an inflammatory response and launch fever in infected bodies, but also promote the adhesion of endothelial cells and white blood cells via regulating the expression of adhesion molecules, thus leading to collateral damage to tissues and even septicemia. Hence, the novel candidates with both antibacterial and LPS binding activities, which may inhibit the infection and proinflammatory response at the same time, will be of great contribution to preventing and curing diseases.

As essential components of innate immunity, antimicrobial peptides (AMPs) contribute to the first line of defense against infections. Among them, innate defense regulators (IDRs) 1018 (IDR-1018, VRLIVAVRIWRR-NH2), a synthetic derivative of natural bovine host defense peptides bactenecin, displays multiple biological activities including antibacterial/biofilm and immunoregulation functions (Haney Evan et al., 2018). These properties indicate that IDR-1018 might possess the potential of being a beneficial candidate for the treatment of hyperinflammatory for E. coli infections. However, its antibacterial activity (MIC = 5–260 μg/mL) remains to be promoted compared to the traditional antibiotics (de la Fuente-Núñez et al., 2014). Moreover, the activity of IDR-1018 could be decreased 2–16 times when exposed to inappropriate temperature, pH, or protease environment, which seriously affected the subsequent application (Zhou et al., 2021).

Therefore, in this study, the derived peptide 1018 M, which is more stable and potent against MRSA and its biofilm, was evaluated for its anti-E. coli and LPS binding ability. Additionally, since the target of protease in vivo was L-amino acids instead of D-amino acids, the latter were employed as an alternative to make D1018 and D1018M based on IDR-1018 and 1018M. Subsequently, the binding affinity, antibacterial activity, stability, biological characteristics and mechanism of antimicrobial activity of 1018M, D1018, and D1018M were explored for the first time.



Materials and methods


Bacterial strains and cell lines

Escherichia coli ATCC25922 were purchased from the American Type Culture Collection (ATCC) (VA, United States). The RAW 264.7 and Vero cells were donated by Dr. Guo Hua and Dr. Zhang Jili (Ningbo University).



The preparation of peptides

Retaining the key binding amino acids, increasing the positive charge and membrane anchor amino acids appropriately, 1018M, taking IDR-1018 as the parent, was designed by substituting amino acid residues (the amino acid residues I4, V5, A6, V7, and I9 were replaced by R, W, W, R, and R), which was reported in our previous research (Zhou et al., 2021). Aiming at improving the stability of IDR-1018 and 1018M, D form amino acids were used as alternatives. IDR-1018 1018M D1018 and D1018M were synthesized by solid-phase synthesis.



Antimicrobial activity


Minimum inhibitory concentration

The MIC values of peptides against E. coli ATCC25922 were determined by the microtiter broth dilution method. The bacteria were grown to the mid-logarithmic phase and diluted into the Luria-Bertani (LB) broth at 1 × 105 CFU/mL. Two-fold serial dilutions of peptides were prepared in sterile aqua distillate with a gradient concentration of 640, 320, 160, 80, 40, 20, 10, 5, 2.5, 1.25, and 0.625 μg/mL. A total of 10 μL peptides and 90 μL bacterial suspensions had been added into 96-well plates before the plate was incubated at 37°C for 16–24 h. Polymyxin and the sterile aqua distillate were tested as control. All assays were performed in triplicate. The MIC lied on the lowest peptide concentration at which there is no growth of bacteria observable (Xinyi et al., 2021).



Time-kill curves

In order to study the effects of peptides on growth curves of E. coli ATCC25922, the mid-log phase bacteria were diluted to 1 × 105 CFU/mL with fresh mediums. Subsequently, 5 mL of bacteria solution and different concentrations of peptides (1×, 2×, 4× MIC) were added to a 50 mL shaking flask. Eventually, the mixtures were cultured at 37°C and 250 rpm. A total of 150 μL samples were taken from each flask at 0, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h. The number of bacteria was measured by plate colony count. Whilst, polymyxin at 2 × MIC and peptide solvent without peptide itself were taken as positive and negative control. All tests were run in triplicate (Na et al., 2019).




Stability, toxicity and resistance


Protease stability

In order to acknowledge protease stability of the peptides, they were in 4 h incubation with pepsin (3,000 U/mg, pH 2.0) and trypsin (250 U/mg, pH 8.0) (10:1, w/w, the concentration of peptide and protease were 320 μg/mL and 32 μg/mL) solutions, respectively, at 37°C. The untreated peptides and buffer solution were used as control. The antibacterial activity of treated peptides against E. coli ATCC25922 was determined by MIC determining assay (Zhou et al., 2021). All assays were carried out in triplicate.



Hemolysis

Hemolytic activity was estimated by determining hemoglobin released from healthy mouse red blood cells. Blood cells were washed three times in sterile PBS (10 mM, pH 7.4) and centrifuged at 1500 rpm for 5 min at 4°C. Then 100 μL red blood suspensions (8%, v/v) and 100 μL peptides at different concentrations (0.25–128 μg/mL) were mixed. Afterward, the mixtures were incubated at 37°C for 1 h and centrifuged at 1500 rpm for 5 min. Ultimately, the absorbance of supernatants was measured at 540 nm. PBS and 0.1% Triton X-100 were used as the negative and the positive control, respectively. Hemolysis (%) = [(OD540 nm of the treated sample-OD540 nm of the negative control)/ (OD540 nm of positive control-OD540 nm of negative control)] × 100%. Three replicates were carried out for each condition (Na et al., 2019).



Cytotoxicity

The performance of the Cell Counting Kit-8 (CCK-8) assay was applied to investigate the effect of peptides on the viability of murine RAW264.7 macrophage cells and Vero cells in accordance with the previous method (Zhou et al., 2021). Cells (2.5 × 104 cells/well) were added into 96-well plates and incubated at 37°C in a humidified 5% CO2 environment for 24 h. Then various concentrations (0.15–20 μg/mL) of peptides were mixed with cells. Sterile aqua distillate was used as control. Eventually, 10 μL WST-8 solutions were added into each well. After 4 h of incubation at 37°C, a microplate reader was applied to measure the absorbance of each sample at 460 nm. The following formula was used to calculate cell viability: Cell viability (%) = OD 460 nm of treated sample/OD 460 nm of control × 100%.



Resistance

The development of resistance against E. coli ATCC25922 of these peptides was performed by MIC assay. Mid-log phase of bacteria (1 × 105 CFU/mL) (90 μL/well) was added to 10 μL peptides solution (128, 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25 μg/mL). Polymyxin were used as control. After incubation at 37°C for 16–18 h, bacteria form 1/4 MIC well were used to inoculate in fresh culture. The MIC values were continually determined as described above. The serial passaging was repeated for 11 days.




Effects of peptides on cell wall and membrane


Scanning/transmission electron microscope observations

Mid-log phase E. coli ATCC25922 (1 × 108 CFU/mL) treated with 4× MIC of peptides for 2 h at 37°C. After washed by PBS twice, 2.5% glutaraldehyde was used to fix bacteria at 4°C for 12 h. For SEM, the bacteria were dehydrated with a series of concentrations of ethanol solutions (20, 50, 70, 85, 95, and 100%) and dried by CO2 overnight then. Samples were observed with S4800 SEM followed by sputtering gold–palladium. As for TEM, the bacteria were further fixed with 1% OsO4 for 1 h. Then samples were dehydrated with a graded acetone series (50, 70, 85, 95, and 100%) for 7 min each time. Subsequently, the bacteria were immersed in epoxy resin, embedded in capsules, polymerized at 45°C and 65°C for 3 h and 24 h, respectively. These sections were acquired by ultramicrotome, followed by staining with 1% uranyl acetate. Images were captured by Hitachi H-7650 TEM (Na et al., 2019).



Membrane permeabilization analysis

To assess bacterial cell membrane permeabilization activity of peptides, the propidium iodide (PI) uptake assay was carried out. Mid-log phase E. coli ATCC25922 (1 × 108 CFU/mL) were incubated with 1 × MIC, 2 × MIC, and 4 × MIC peptide solutions for 5, 30, and 120 min at 37°C, respectively. The bacteria without treatment were used as negative controls. Samples were washed twice before they were incubated in 50 μg/mL PI for 15 min. Eventually, the fluorescence was analyzed by FACS Calibur Flow Cytometer (BD, United States; Na et al., 2017).




Effects of peptides on bacterial genomic DNA


Gel retardation assay

Gel migration experiment was carried out to determine the interaction of peptides and E. coli genomic DNA. Genomic DNA was obtained from the bacterial genome extraction kit. A series of gradient concentrations of peptides were mixed with DNA, respectively. The mixture was incubated at room temperature for 10 min and analyzed by electrophoresis on a 0.8% agarose gel afterward.



Circular dichroism spectroscopy

Furthermore, the secondary structure changes of E. coli ATCC25922 genomic DNA after mixed with peptides were analyzed by CD spectra. The peptides (40 μg/mL) and genomic DNA (150 μg/mL) were incubated for 10 min at room temperature before the samples were loaded into a cuvette with 1.0-mm path length. Finally, the samples were tested on a CD spectrometer (J-1700 CD). The spectra were recorded from 220 to 320 nm at 25°C with a 10 nm/min scanning speed (Ning and Donghui, 2018).



Lipopolysaccharide binding affinity

The binding affinity of peptides to the lipid A region of LPS was determined by the Tachypleus Amebocyte Lysate (TAL) method. A gradient concentration of peptides was volume-equally incubated with 0.4 ng/mL control standard endotoxin (CSE) resolved in TAL reagent water in test tubes at 37°C for 30 min. Afterward, they were added into a 96-well plate and reacted with End-Point Chromogenic Endotoxin Test Kit (With Diazo Coupling). The absorbance was tested at 545 nm with a microplate reader. A gradient concentration of control standard endotoxin was used to make the standard curve. All tests were run in triplicate (Pearson, 1979).



Bioassay for cytokines

Enzyme-linked immunosorbent assay (ELISA) was carried out to quantitate the concentration of cytokines accumulated in RAW264.7 cells’ cultural supernatant. Briefly, 1 μg/mL LPS and different concentrations of peptides were mixed and incubated at 37°C for 30 min. RAW264.7 cells were added into 12-well plates (1.875 × 105 cells/well). After cultured for 24 h, the cells were incubated with the mixture of LPS and peptides at 37°C in a humidified 5% CO2 environment for another 24 h. Supernatants harvested from different treatments were obtained and tested by different ELISA kits (mouse IL-6, TNF-α; Mire-Sluis and Thorpe, 1998). The 96 well plates were read on a microplate reader at a wavelength of 450 nm, 570 nm, and 630 nm. LPS-free cells were used as standard control. All tests were run in triplicate.





Results


Antimicrobial activity


MIC

As exhibited in Table 1, MIC of IDR-1018, 1018M and D1018 against E. coli ATCC25922 was 8 μg/ mL while that of D1018M was 4 μg/ mL. D1018M owned stronger potential antibacterial activity against E. coli ATCC25922. However, the antimicrobial activity of peptides was not so good as that of polymyxin (MIC = 1.56 μg/mL).



TABLE 1 The MICs of IDR-1018, D1018, 1018M, D1018M, and polymyxin against E. coli ATCC25922.
[image: Table1]




Time-killing curves

The time dose dependence of peptides against E. coli ATCC25922 was studied in this research. The results shown in Figure 1A demonstrated that after treatment with 1×, 2×, 4 × MIC of D1018M (no bacterial growth) and 2×, 4 × MIC of D1018 (1.72, 2.11 log CFU reduction, respectively), the amount of ATCC25922 dropped dramatically within 1 h, which was superior to the parent peptide (0.99, 1.18 and 1.39 log CFU reduction at 1×, 2×, 4 × MIC, respectively). Moreover, antimicrobial efficiency of 1×, 2×, and 4 × MIC of D1018M were all superior to 2 × MIC of polymyxin as well. The antibacterial activity of all IDR-1018 and its derived peptides could last for 8–12 h with high efficiency. Compared with the parental peptide and traditional antibiotic polymyxin, we found that the novel peptide D1018M has the advantages of rapid and longer antibacterial effects.

[image: Figure 1]

FIGURE 1
 The killing curves, stability, toxicity and resistance of peptides. (A) The killing curves of IDR-1018, D1018, 1018M, and D1018M. (B) The protease stability of IDR-1018, D1018, 1018M, and D1018M. (C) The hemolysis of D1018 and D1018M. (D) The cytotoxicity of D1018 and D1018M against RAW264.7 cells. (E) The cytotoxicity of D1018 and D1018M against Vero cells. (F) The resistant of E. coli ATCC25922 against IDR-1018, D1018, 1018M, and D1018M.




Stability, toxicity and resistance


Protease stability

As is exhibited in Figure 1B, the protease stability of IDR-1018 and its derivative peptides was tested. After exposed to pepsin and trypsin for 4 h, the antibacterial activity of D1018 remained unchanged or even lower (MIC = 4 and 2 μg/mL), while the anti-E. coli ability of IDR-1018, 1018M, and D1018M declined 2–4, 4, and 4 times. In general, D1018 showed the best tolerance to protease among all peptides.



Hemolysis and cytotoxicity

The toxicity of peptides to mouse eukaryotic cells, macrophagocyte RAW 264.7 and Vero cells was determined. The hemolysis rates of IDR-1018, which had been reported in our previous research, were 0.386, 2.136, and 2.651% at the concentrations of 32, 64, and 128 μg/mL (Zhou et al., 2021) while those of D1018 were 0.542, 1.724, 2.316% at the same concentrations (Figure 1C). Nevertheless, hemolysis of 1018M (Zhou et al., 2021) and D1018M was 0% at all tested concentrations (Figure 1C), which was apparently lower than parental peptides. All the results indicated that D amino acid substitution had little effect on peptide hemolysis. The cytotoxicity results of peptides were shown in Figures 1D,E, the cell survival rate in D1018M group was 22.9, 22.8, 32.6, 92.5 and 25.3%, 33.3, 60.7, 83.0% at the concentrations of 128, 64, 32, and 16 μg/mL, while the survival rates were 95.9%, 81.7–87.6, and 97.3% after treatment with 128 μg/mL IDR-1018 (Zhou et al., 2021), D1018 (Figures 1D,E), and 1018M (Zhou et al., 2021), respectively. The results indicated that peptides IDR-1018, 1018M and 1018M basically had no cytotoxicity against murine macrophage cells, when the concentration was up to 16 times of MIC. However, for D1018M, the safe concentration of murine macrophage cells was only 4 times of MIC.



Resistance

After 11 serial passages of E. coli ATCC25922 in the presence of these peptides, the MIC values did not increase over time except some test errors. IDR-1018 group was even more pronounced, which might be due to the instability of this peptide. There was also no change in MIC for polymyxin (Figure 1F). The results indicated that all these peptides had no resistance, which might serve as good novel antimicrobial agents against E. coli.




Effects of peptides on cell wall and membrane


Scanning/transmission electron microscope observations

The changes in bacteria morphology, integrity and cellular structure after treatment with peptides were observed by SEM and TEM. Compared to the control group, the cell wall of E. coli ATCC25922 treated with peptides was resolved gradually. Cell edges were blurred and lots of holes appeared on the surface of the bacteria. Shrunken and bubbling bulges of bacteria cells were observed. These phenomena were more obvious in the groups of D1018, 1018M, and D1018M, which revealed that they were more destructive than parental peptide IDR-1018 (Figure 2A). Additionally, E. coli internal ultrastructure image was captured by TEM (Figure 2B). Most of the bacterial morphology was normal and intact in the untreated control group. After exposure to the peptides, severe damage to bacterial cell walls, membranes, and cytoplasm was observed, especially to the cytoplasm. Light-colored areas or even cavities formed in cytoplasm, which meant cellular contents leakage of treated bacteria. Almost 100, 50, and 40% of bacteria were destroyed by the treatment of D1018, IDR-1018, and D1018M which indicated better performance of these peptides.
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FIGURE 2
 Effects of peptides on cell wall and membrane. (A) Scanning electron microscope. (B) Transmission electron microscope. Flow cytometric analysis of PI-staining in E. coli ATCC25922 cells treated with 1×, 2×, or 4× MIC IDR-1018 (C), D1018 (D), 1018M (E), and D1018M (F) for 30 or 120 min, respectively. Red line: no peptide, negative control; Blue line: treatment with 1 × MIC peptides for 30 min; Orange line: treatment with 1 × MIC peptides for 120 min; Green line: treatment with 2 × MIC peptides for 30 min; Dark green line: treatment with 2 × MIC peptides for 120 min; Pink line: treatment with 4 × MIC peptides for 30 min; Purple line: treatment with 4 × MIC peptides for 120 min.




Membrane permeabilization analysis

Prodium iodide (PI), as a sort of nucleic acid fluorescent, dye can penetrate the damaged bacterial cell membrane and then lable the bacteria. After treatment with peptides and PI, the bacteria were determined by flow cytometry. As exhibited in Figures 2C–F, the untreated bacterial cell membrane was intact and impervious with a fluorescence rate of 2.99%. In incubation with 1×, 2×, and 4 × MIC of IDR-1018 for 0.5 h and 2 h, the percentages of PI-permeable bacteria were 54.9–84.3%. The proportions of D1018 were 52.7–90%, better than IDR-1018. While, for 1018M and D1018M, the proportions of fluorescence-positive bacteria were 29.2–61.4% and 33.3–77.8%, respectively. These data illustrated that D1018 had the strongest penetrating ability among all the peptides.




Effects of peptides on bacterial genomic DNA


Gel retardation assay

DNA-interaction properties of peptides and E. coli genomic DNA were examined by gel retardation assay. All the peptides could significantly inhibit the migration of E. coli ATCC 25922 genomic DNA at the highest tested concentration (10 μg/mL). However, the inhibition ability was not obvious at lower peptide concentrations (Figure 3A). D1018 stood out among all these peptides, showing particularly excellent capability of inhibiting the migration of E. coli ATCC 25922 genomic DNA.

[image: Figure 3]

FIGURE 3
 Interaction of peptides with E. coli ATCC25922 bacterial genomic DNA. (A) Interaction of IDR-1018, D1018, 1018M, and D1018M with bacterial genomic DNA by a gel migration assay. M: DNA marker; 1–6: The concentration of IDR-1018 were 0, 0.625, 1.25, 2.5, 5, and 10 μg/mL, respectively. 8–13: The concentration of D1018 were 0, 0.625, 1.25, 2.5, 5, and 10 μg/mL, respectively. 14–19: The concentration of 1018M were 0, 0.625, 1.25, 2.5, 5, and 10 μg/mL, respectively. 21–26: The concentration of D1018M were 0, 0.625, 1.25, 2.5, 5, and 10 μg/mL, respectively. 7 and 21: Genomic DNA from E. coli ATCC25922 with no peptide. (B) CD spectra of genomic DNA from E. coli ATCC25922 in the presence of IDR-1018, 1018M, D1018, and D1018M. The concentration of peptide and DNA were 40 and 150 μg/mL, respectively.





CD spectroscopy

The influence of peptides on E. coli genomic DNA secondary structure was further revealed by CD spectrometer, which could determine the morphology changes of DNA after interacted with peptides. The positive and the negative peaks of E. coli ATCC25922 normal genomic DNA were at 270 nm and 246 nm, respectively in the CD spectrum. After treatment with peptides, all the positive and negative peaks decreased, especially on D1018 and 1018M. Additionally, D1018 narrowed the negative peak sharply. The changes suggested that the peptides damaged DNA helical structure and weakened base stacking force. The destructive potential of D1018 against DNA conformation was higher than other peptides (Figure 3B).



Lipopolysaccharide binding affinity

Tachypleus Amebocyte Lysate (TAL) method was carried out to test the binding affinity of peptides with LPS, the result was shown in Figure 4A. IDR-1018 and D1018 have strong binding affinity with LPS at the lowest tested concentration (0.1 μg/ mL), the binding rates were up to 68 and 74%. While, the best LPS binding concentrations for 1018M was 0.4 μg/ mL (74%) and 0.5 μg/ mL (82%). Moreover, with the decrease and increase of 1018M concentration, the binding ability declined. Among these peptides, D1018M has the weakest binding ability to LPS, with only a 38% binding rate at 1 μg/ mL.
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FIGURE 4
 LPS binding affinity of peptides and the effects of binding to LPS-induced proinflammatory response. (A) LPS Binding affinity of IDR-1018, 1018M, D1018, and D1018M. Effect of IDR-1018, 1018M, D1018, and D1018M on IL-6 (B) and TNF-α (C) produced by RAW 264.7 cells.




Bioassay for cytokines

To explore the effects of the peptides on proinflammation cytokines, RAW 264.7 macrophages were challenged with LPS or peptides treated with LPS. As exhibited in Figures 4B,C, the cytokine levels of IL-6 and TNF-α in the LPS control groups were significantly enhanced (60.25 and 14.68 pg/mL, respectively). While, the secretion of cytokines was not promoted in response to all the peptides incubation, which indicated that these peptides are unlikely to trigger inflammation. Moreover, both IDR-1018 and D1018 significantly suppressed the production of TNF-α (26.83–26.11 and 20.09–42.44 pg/mL) and IL-6 (2.02–2.10 and 3.15–4.18 pg/mL). However, after treatment with 1018M and D1018M, TNF-α (248.83–285.45 and 105.49–170.44 pg/mL) and IL-6 (75.63–93.40 and 54.35–105.49 pg/mL) levels increased sharply, even higher than LPS group. This result revealed that IDR-1018 and D1018 could bind to LPS, thus leading to an inhibition in the LPS-induced inflammatory response. Nevertheless, with extremely low combination ability to LPS, 1018M and D1018M not only could not suppress the production of proinflammation cytokines but also oppositely promoted the process.




Discussion

E. coli is still one of the most momentous pathogenic bacteria threatening human health. LPS, the primary toxic component of the outer cell wall of E. coli, can be released rapidly and spontaneously during both growth and death of the bacteria, which is still of severe threat to the clinical treatment for infection. Antibiotics have been playing an irreplaceable important role in protecting human beings from pathogens infections for a long time. However, with the extensive use of antibiotics, the emergence of antibiotic resistant bacteria increased dramatically. Therefore, AMPs attracted much attention from researchers for their multi-target and multi-function action mode (Fengjing et al., 2017). IDR-1018, with moderate MIC, minimal hemolytic activity, and significant immunoregulatory activity, was a promising candidate (Michal et al., 2010). Nevertheless, the susceptibility to protease was still one critically defective issue that limited its future success in clinic (Zhou et al., 2021).

It has been demonstrated that the stability of peptides against the degradation of protease could be improved by all or part of D-amino acid substitution, because the target of protease in vivo was L-amino acids instead of D-amino acids, trypsin and the plasma proteases possessed much weaker hydrolytic activity toward D-Lys, D-Arg than L-Lys and L-Arg (Lu Jianguang et al., 2018). However, the antimicrobial activity, cytotoxicity, hemolysis, active action mode, anti-inflammatory activity and other properties may be changed by the transformation (Binu et al., 2016; Fengjing et al., 2017). Therefore, in this study, two D-amino acid substitution peptides were designed and synthesized based on IDR-1018 and its derivative peptide 1018M, which had manifested preferable properties in our previous anti-MRSA and its biofilm investigation. Then their antibacterial activity, stability, antibacterial mechanism, LPS binding affinity and immunoregulatory capacity were first studied.

First of all, the antibacterial activity against E. coli ATCC25923 was evaluated. MIC of D1018 was not changed compared to its parental peptide after substitution. Moreover, D1018M not only got the lowest MIC (Table 1) but also the best antimicrobial efficiency (Figure 1A) against E. coli ATCC25923 among all the tested peptides. Whether D-type amino acid substitution can improve the antimicrobial activity of antimicrobial peptides has always been controversial. Ascaphin-8 maintained its original antibacterial activity when the Lys in the position of 4 and 8 was substituted by D-Lys. However, the same change of Lys10 Lys14 and Lys18 increased Ascaphin-8’s MIC sharply, especially against Staphylococcus aureus (S. aureus) (Tibor et al., 2005). Intriguingly, the activity of D-Melittin turned out to be slightly lower than Melittin against E. coli, while the opposite result was discovered against S. aureus (Wade et al., 1990). Therefore, the impact of D amino acid on antibacterial effect is far from absolute, which may be influenced by the change of secondary structure (Shikha and Vipasha, 2020), dynamics of self-assembled (Zhou et al., 2018), or other unknown factors. Further investigation was required in this field.

Barriers to make these peptides become effective drug candidates include some limiting biological properties, such as stability and cytotoxicity. Optimizing and understanding these properties are major approaches to taking full advantage of these peptides. As anticipated, protease cleavage stability of D1018 and D1018M was enhanced significantly against trypsin and pepsin, especially D1018 (Figure 1B), providing the same conclusion as previous researches (Lu Jianguang et al., 2018; Li et al., 2019). In consistency with the study of Li et al., the substitution of D amino acid had no significant effect on peptide hemolysis (Figure 1C). (Li et al., 2019). However, cytotoxicity limited the potential of D1018M (Figure 1D). One possible exploration is that the abundance of D-type aromatic amino acids in D1018M exerts more efficient anchoring ability in the hydrophobic core of the cell membrane (Munhoz Victor et al., 2021). What’s more, the inflammatory response of RAW264.7 cell induced by D1018M also had a profound impact on cell activity. Given the biological property differences between these four peptides, it appears that 1018M was the safest one when administered intravenously. For IDR-1018, D1018 and D1018M, the dosage should be taken into consideration in the subsequent research and application. While oral administration can be tried for D1018 and D1018M because of their resistance against trypsin and pepsin, which will absolutely widen the application area and pave the way for further exploration.

Our previous study has demonstrated that IDR-1018 and D1018M can interact with MRSA cell wall and cytoplasmic membrane, penetrate the membrane, cause leakage of contents, disrupt genomic DNA and then kill the bacteria (Zhou et al., 2021). As such, the anti-E. coli mechanism of peptides was elucidated in this study. The shrunken cell wall, damaged cell membrane, permeated PI and blocked genomic DNA indicated that these peptides basically share the same bactericidal mechanism against E. coli with MRSA. However, the damage to bacteria cell wall and membrane caused by IDR-1018 and D1018 is more severe which is exhibited in TEM and flow cytometry figures (Figure 2). D-amino acid substitution improves the ability of IDR-1018 to destroy the cell wall and membrane, which is consistent with the result that diastereomers bind 50-100-folds better to negatively-charged PE/PG membranes (Li et al., 2016). However, the phenomenon is not suitable for 1018M, and the previous studies about D-W3R6 and D-CP got similar conclusion as well (Li et al., 2019; Fengjing et al., 2017). Therefore, further studies are needed to elucidate the underlying mechanisms. This is different from the phenomenon of our previous report on MRSA, which may be related to the higher binding affinity to LPS of IDR-1018 and D1018, thus leading to a better interaction with bacterial outer and inner membranes of E. coli compared to 1018M and D1018M.

LPS is the major component of gram-negative bacteria’s outer membrane, which could stimulate a proinflammatory cascade and trigger an inflammatory response via the innate immune system (Sali et al., 2019). Monocytes and macrophages produce large amounts of proinflammatory mediators, such as TNF-α and IL-6, and then lead to endotoxemia. Efforts to address these issues are in desperate need. Lots of researches have reported that the AMPs can bind to the LPS of E. coli (Dixon et al., 2008; Na et al., 2017). A previous study has demonstrated that IDR-1018 can induce chemokine responses and suppress the LPS-induced TNF-α response (Michal et al., 2010). Nevertheless, to the best of our knowledge, neither the capacity of binding to LPS directly nor the effect of D amino acid substitution has been expounded before. In this study, we found that both IDR-1018 and D1018 could bind to LPS directly, then initially interrupt the interaction of LPS with TLRs, and subsequently inhibit the release of LPS-induced TNF-α and IL-6 in RAW264.7 cells (Figure 4), thereby effectively protect cells from acute inflammatory injury. Whereas, despite the potent antimicrobial activity, 1018M and D1018M not only failed to interact with LPS, on the contrary, they facilitated the generating of proinflammation cytokines, which suggests that the I4, V5, A6, V7 and I9 are critical amino acid residues for LPS binding while the binding sites may block the TLRs affinity positions.

In this study, based on IDR-1018 and its derived peptide 1018M, D amino acid peptides D1018 and D1018M were designed. All the peptides showed potent antimicrobial activity against E. coli, with D1018M having higher activity than others. D1018 had lower cytotoxic effect but higher protease stability than D1018M. Moreover, D1018 was found to be more potent than other peptides at destroying bacterial cell wall, penetrating membrane, and disrupting genomic DNA. Additionally, IDR-1018 and D1018 could bind to LPS and then inhibit LPS-induced proinflammation response efficiently. Our findings suggest that D1018 is a promising candidate for further study as a new antibacterial and anti-endotoxin agent.
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Burkholderia arboris, which belongs to the Burkholderia cepacia complex, has been shown to possess antifungal activity against several plant fungal pathogens; however, the antifungal compounds are yet to be identified. Here, we identified the antifungal compounds produced by B. arboris using genetic and metabolomic approaches. We generated a Tn5 transposon mutation library of 3,000 B. arboris mutants and isolated three mutants with reduced antifungal activity against the plant fungal pathogen Fusarium oxysporum. Among the mutants, the M464 mutant exhibited the weakest antifungal activity. In the M464 genome, the transposon was inserted into the cobA gene, encoding uroporphyrin-III methyltransferase. Deletion of the cobA gene also resulted in reduced antifungal activity, indicating that the cobA gene contributed to the antifungal activity of B. arboris. Furthermore, a comparison of the differential metabolites between wild type B. arboris and the ∆cobA mutant showed a significantly decreased level of tetrapeptide His-Ala-Phe-Lys (Hafk) in the ∆cobA mutant. Therefore, a Hafk peptide with D-amino acid residues was synthesized and its antifungal activity was evaluated. Notably, the Hafk peptide displayed significant antifungal activity against F. oxysporum and Botrytis cinerea, two plant pathogens that cause destructive fungal diseases. Overall, a novel antifungal compound (Hafk) that can be used for the biocontrol of fungal diseases in plants was identified in B. arboris.
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Introduction

Protection against crop losses caused by pathogens, especially fungi, is important to ensure sustainable crop production to meet the demand of the growing global population (Nazarov et al., 2020). Although chemical control using synthetic fungicides is effective in reducing crop loss caused by fungal diseases (Russell, 2005; Goldenhar and Hausbeck, 2019), there has been an increased concern on the potential environmental (Latin and Ou, 2018; Fraaije et al., 2020; Krichilsky et al., 2021) and health risks of indiscriminate fungicides use, as well as the rising threat of fungicide resistance in plant pathogens (Canal-Raffin et al., 2008; van den Bosch and Gilligan, 2008). Therefore, biological control using microbes or microbial compounds has been suggested as a sustainable alternative for plant protection against fungal diseases (Joo and Hussein, 2022). Since Bacillus was used as a biocontrol agent in 1940, large efforts have been made to identify effective biocontrol bacteria, most of which belong to the Bacillus and Pseudomonas genera (Poveda et al., 2021). Biocontrol bacteria antagonize pathogens mainly by producing bioactive compounds, including antibiotics, siderophores, peptides, lipopeptides, polyketides, bacteriocins, and enzymes (Mercado-Blanco and Bakker, 2007; Daungfu et al., 2019; Chen et al., 2020). Antagonistic compounds are primarily produced by non-ribosomal peptide synthase (NRPS) and polyketide synthases (PKS). NRPS are multi-domain and multi-enzymatic mega-synthases responsible for the synthesis of non-ribosomal peptides, sometimes with modifications, such as oxidation, acylation, methylation, or glycosylation (Marahiel, 2009; Thomson and Dennis, 2012). PKS is involved in the synthesis of polyketides, similar to fatty acid synthase (Staunton and Weissman, 2001; Hertweck, 2009). Among these antagonistic compounds, antimicrobe peptides, including lipopeptides, glycans, and cyclic peptides, have received substantial attention owing to their ecofriendly characteristics (Fira et al., 2018). The genome sequence of B. subtilis revealed that approximately 5% of its genome is dedicated to the production of antimicrobe compounds (Caulier et al., 2019; Tran et al., 2022). Among 2,700 antimicrobial peptides in Antimicrobial Peptide Database, 1,000 of them have antifungal activity, and most are produced by Bacillus, Paenibacillus, Pseudomonas, and Aspergillus (Li et al., 2021). Antifungal peptides are usually referred to as peptides containing 10–100 amino acid residues (Zhang et al., 2020); however, more and more short chain polypeptides have been found to process antifungal ability. His (2-aryl)-Trp-Arg has been reported to antagonize Cryptococcus neoformans (Sharma et al., 2021). In B. subtilis, 57 peptides with less than five amino acids were found to have antifungal activity, among which two tetrapeptides AWYW and HWWY strongly suppressed the growth of Phytophthora capsici and Penicillin chrysogenum (Qiao et al., 2020).

Burkholderia is a genus comprising over 60 species of gram-negative bacteria, and are widely present in soil around the rhizosphere zone, water, plants, and animals (Mahenthiralingam et al., 2008). Burkholderia was firstly defined in 1942 by Burkholder and initially named Pseudomonas caryophyll until 1992 when seven species with similar genetic characters were transferred from the Pseudomonas genus to establish the genus Burkholderia (Burkholder, 1942; Yabuuchi et al., 1992). Burkholderia species have been utilized as natural sources of biotechnological agents in agricultural production owing to their ability to produce several biomolecules, including antibiotics; extracellular hydrolytic enzymes, such as chitinase, glucanase, and protease (Elshafie and Camele, 2021); and bioactive secondary metabolites, such as alkaloids, lipopeptides, and polypeptides (El-Banna and Winkelmann, 1998; Sultan et al., 2008). Burkholderia cepacia complex (BCC) is a group of antibiotic resistant bacteria, including Burkholderia arboris, capable of producing bioactive compounds via NRPS and PKS (Thomson and Dennis, 2012). Burkholderia arboris has been widely isolated from the rhizosphere zone of the soil, and has been shown to possess antifungal activity (Barrera-Galicia et al., 2021); however, the antifungal compound is yet to be identified.

Here, we identified the antifungal compound in B. arboris using molecular and metabolomic techniques and evaluated the antifungal activity against selected plant fungi. It is anticipated that the antifungal agent identified in B. arboris would be effective as a biocontrol agent against phytopathogenic fungi causing Fusarium wilt and gray mold disease.



Materials and methods


Strains and culture conditions

The bacterial and fungal strains used in this study are listed in Supplementary Table 1. Burkholderia arboris 1 (CGMCC No.16905), a strain isolated from Vernicia fordii (tung oil tree) in China, Botrytis cinerea B05.10, and Fusarium oxysporum f. sp. lycopersici were used in this study. Burkholderia arboris was cultured in nutrient agar (NA) medium at 28°C (Edwards et al., 1965), and F. oxysporum and B. cinerea were cultured in potato dextrose agar (PDA) medium at 28°C (Robbins, 1924). Escherichia coli were cultured in Luria-Bertani (LB) medium at 37°C (Elder, 1983). Kanamycin (Kan) was added to the medium at a final concentration of 50 μg/ml when screening for clones positive for E. coli, and at 500 μg/ml when screening for clones positive for B. arboris.



Construction of a Tn5 transposon mutant library

The Tn5 transposon mutant library was constructed as previously described (He et al., 2021). Briefly, a fragment of the kanamycin resistance gene (Kan) was amplified from plasmid pBBR1MCS-2 by PCR using primers MEKANA-F/R containing Tn5 mosaic end (ME) sequences. The PCR product was ligated into the pCE2 vector using a TA/Blunt-Zero Cloning Kit (Vazyme Biotech, Nanjing, China). After confirmation by sequencing, the Kan-ME fragment was transformed into B. arboris using an EZ-Tn5™ Transposase Kit (Lucigen, Middleton, WI, United States). Putative mutants were selected using 500 μg/ml kanamycin.



Plasmid construction and cobA mutant generation

The plasmids used in this study are listed in Supplementary Table 1. The primer sequences used for plasmid construction are listed in Supplementary Table 2. Genomic DNA of B. arboris was extracted using a TIANamp Bacteria DNA Kit (Tiangen Biotech, Beijing, China). To knockout cobA, a fragment of the cobA gene in B. arboris genome was amplified by PCR. The PCR product was digested with BamHI and EcoRI restriction enzymes and then ligated into the suicide plasmid pJP5603 (Riedel et al., 2013), which was digested with the same enzymes. The ligation product was transferred into E. coli S17-1 λpir cells by heat shock. Positive clones were selected with 50 mg/ml kanamycin resistance and verified by sequencing the cobA insertion in the pJP5603-cobA plasmid. The resulting pJP5603-cobA plasmid was transferred into B. arboris competent cells with electroporation. Putative mutants were selected with 500 mg/ml kanamycin and verified by PCR with primers from 16S rDNA of B. arboris and the conserved R6K origin of replication (Riedel et al., 2013). The transcript levels of cobA in mutants were determined by qRT-PCR.



Identification of Tn5 insertion sites in Burkholderia arboris genome

Tn5 insertion sites were identified using thermal asymmetric interlaced PCR (TAIL-PCR; Liu and Whittier, 1995). Arbitrary degenerated primers served as forward primers for all three rounds of PCR, and specific primers, including SP1, SP2, and SP3, were used as the reverse primers for primary, secondary, and tertiary rounds of PCR, respectively. The primer sequences are listed in Supplementary Table 2. The primary-round PCR product was 100-fold diluted and used as a DNA template for the secondary PCR reaction, which was 100-fold diluted and used as the template for the tertiary PCR reaction. Cycling conditions were as previously described.



Growth curve assay

Growth curves were generated as previously described (Xian et al., 2020). Bacterial suspension was centrifuged at 5,000 rpm for 5 min after overnight culture at 28°C. The pellet was resuspended in ddH2O and adjusted to an OD600 of 0.005 using fresh medium. Absorbance at OD600 was measured with a microplate spectrophotometer (Multiskan™ FC, Thermo Fisher Scientific, Waltham, MA, United States) every 30 min for 36 h to obtain the growth curves. The growth rate, the doubling time and the lagging time were calculated.



Swimming ability assay

Swimming ability was determined as previously described (Bahar et al., 2009). Bacterial strains were cultured overnight at 28°C until OD600 reached 0.6. Thereafter, the bacteria suspension (2 μl) was point-inoculated on the center of a plate containing semi-solid LB broth with 0.3% agar, and the diameter of the swimming zone was measured 2 days after inoculation.



Biofilm formation assay

Biofilm formation assay was conducted using the crystal violet staining method (Holmberg et al., 2009). Bacterial strains were cultured overnight until the OD600 reached 0.5, and then transferred to 96-well cell plate at 100 μl per well and cultured at 28°C for 72 h without shaking. Thereafter, the wells were washed with sterile water twice and stained with 125 μl 0.1% crystal violet (w/v) for 30 min to quantitatively measure the attached biofilms. After removing the dye, wells were thoroughly dried at 37°C, and 1% sodium dodecyl sulfate (SDS) was added to dissolve the biofilm at 200 μl per well. The quantity of biofilm formed was determined at an absorbance of 570 nm using a Multiskan™ FC microplate spectrophotometer (Thermo Fisher Scientific).



Preparation of crude extracts from Burkholderia arboris suspension

Bacterial culture (300 ml) was centrifuged at 4,000 rpm for 20 min after culturing overnight, and the supernatant was mixed with an equal volume of ethyl acetate. The solution from the organic phase was transferred to a conical flask containing anhydrous Na2SO4 to remove residual moisture, and was finally filtered through a triangular funnel with cotton. Thereafter, the organic phase filtrate was transferred to a pre-weighed collecting bottle, and the ethyl acetate was evaporated with an IKA® RV 10 digital rotary evaporator at 42°C, 80 rpm under control of IKA® MVP 10 basic compact vacuum pump (IKA, Staufen, Germany). The crude extract was dissolved in 1 ml ethyl acetate.



Determination of antifungal activity of Burkholderia arboris

For determination of antifungal activity of B. arboris bacteria, fungal mycelial disks and fungal spore suspension were used as described previously with slight modifications (Kumar et al., 2018). Fungal disks and B. arboris were co-cultivated on PDA medium with a distance of 30 mm from each other. The inhibitory zone was measured 6 days after co-cultivation. To prepare the fungal spore suspension, the fungal mycelia and spores on the agar plate were washed off with sterile ddH2O and then filtered through two layers of sterile gauzes. The concentration of spore suspension was determined with a hemocytometer. For determination of antifungal activity of B. arboris extracts, fungal spore suspension (1.0 × 105 CFU/ml, 500 μl) was evenly spread on PDA medium, and then 8 mm round holes were removed from the solid medium using a sterile punch, followed by the addition of 20 μl of melting PDA medium to each hole to seal the bottom. After cooling, 150 μl of crude B. arboris extract was added to the holes, and the diameters of the inhibition zones were measured 6 days later.



Determination of antifungal activity of Hafk peptide and lysophosphatidylethanolamine

Hafk peptides with D-amino acid residues were synthesized by ChenPeptide Biotech (Nanjing, China). LPE (CAS # 53862–35-4) was purchased from Aladdin Ltd. (Shanghai, China). The antifungal activity of Hafk peptides and LPE was determined as described previously with slight modifications (Shi et al., 2010). Briefly, a stock solution of the Hafk peptides (100 mM) and LPE (100 mM) was prepared using ddH2O and ethyl acetate, respectively. PDA medium was added to a 12-well cell plate at 2 ml per well, and then 50 μl of different concentrations of the peptide or LPE solution were evenly spread on the surface of the medium. Thereafter, fungal mycelial disks were placed at the center of the dried medium, and the diameters of fungal mycelial growth were measured 3 days later.



Untargeted metabolomic analysis and identification of Hafk peptide

Untargeted metabolomic analysis of the bacterial sample was performed at Metware Biotechnology Co., Ltd.1 as previously described (Oh et al., 2021). Bacterial samples were collected by centrifugation, and then a 500 μl solution (methanol: water = 4: 1, v/v) containing an internal standard was added to each bacterial sample and vortexed for 3 min. Samples were placed in liquid nitrogen for 5 min, dried on ice for 5 min, thawed on ice, and vortexed for 2 min. This freeze–thaw cycle was repeated thrice. Then they were centrifuged at 12,000 rpm for 10 min at 4°C, and 300 μl of supernatant was collected and kept at −20°C for 30 min, followed by further centrifugation at 12,000 rpm for 3 min at 4°C. Thereafter, 200 μl aliquot of the supernatant was collected for UPLC-QTOF/MS analysis. The analytical conditions were as follows: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100 mm); column temperature, 4°C; flow rate, 0.4 ml/min; injection volume, 2 μl; solvent system, water (0.1% formic acid), and acetonitrile (0.1% formic acid); gradient program, 95: 5 V/V at 0 min, 10: 90 V/V at 11.0 min, 10: 90 V/V at 12.0 min, 95: 5 V/V at 12.1 min, and 95:5 V/V at 14.0 min. Mass spectrometric analysis was performed using a quadrupole time-of-flight mass spectrometer in the positive and negative ion modes. The gas flow rate was set at 8 L/min; gas and sheath temperatures were 325°C; the fragmetor was 135 V; and the nebulizer was 40 V. The ESI voltage was 2,500 V in the positive-ion mode and 1,500 V in the negative-ion mode.

The original data file acquired by UPLC-QTOF/MS was converted into the mzML format using ProteoWizard software. Peak extraction, alignment, and retention time corrections were performed using the XCMS program. The “SVR” method was used to correct the peak area. Peaks with detection rate lower than 50% in each group samples were discarded. Subsequently, metabolic identification information was obtained by searching the laboratory’s self-built database, integrated public database, AI database, and metDNA. Differential metabolites between wild type and mutant B. arboris were determined at variable importance in projection (VIP) ≥ 1, p < 0.05 (Student’s t-test), and absolute log2 fold change (FC) ≥ 1.0. VIP values extracted from the OPLS-DA results, which also contained score plots and permutation plots, were generated using MetaboAnalystR package in R software. The data were log transformed (log2) and mean centered before OPLS-DA. A permutation test (200 permutations) was performed to avoid overfitting.

Hafk peptide in the bacterial supernatant was identified by LC–MS analysis. The bacterial supernatant (100 ml) was freeze-dried, dissolved in 4 ml 40% acetonitrile, and then subjected to LC–MS (6400 Series Triple Quadrupole LC–MS by Agilent). The standard sample is the synthesized Hafk peptide (Purity: 81.98%).




Results


Generation of Burkholderia arboris M464 mutant with reduced antifungal activity

Burkholderia spp. are highly resistant to several antibiotics. Therefore, the sensitivity of B. arboris to common antibiotics was examined to facilitate genetic analysis of the species. The growth of B. arboris was suppressed by 500 μg/ml of Kan, 10-fold higher than the requirement for most bacteria; in contrast, streptomycin (Strep), tetracyclines (Tet), spectinomycin (Spe), and chloroamphenicol (Chl) did not inhibit the growth of B. arboris (Supplementary Figure 1). Subsequently, plasmids carrying Kan-resistant and mCherry fluorescent genes were transferred into competent B. arboris cells using electroporation (Supplementary Figure 2). Positive clones were selected using NA media containing 500 μg/ml of Kan, and all selected clones displayed pink color under bright field and fluorescent conditions (Figure 1). The pink color did not decrease after 20 generations of subculture. Overall, these results indicated that 500 μg/ml Kan can be used as a selective antibiotic for B. arboris. Transposon random mutagenesis technology was used to generate B. arboris mutant library. The Kan gene fragment (795 bp) was amplified from a plasmid (Supplementary Figure 3) by PCR, ligated to adapters containing a Tn5 mosaic end (ME, 19 bp), and the resulting Kan-ME fragments (833 bp) were introduced into B. arboris along with transposases (Figure 2A). Overall, 3,000 putative transposon insertion mutants were isolated from Kan-resistant plates.
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FIGURE 1
 Kanamycin can be used as selection antibiotic for Burkholderia arboris. (A) Generation of B. arboris-mCherry using kanamycin resistance. Plasmids containing mCherry and kanamycin resistance genes were transferred to B. arboris, and positive clones were selected on the NA agar plate (90 mm) with 500 μg/ml of kanamycin 48 h after cultivation at 28°C. (B) B. arboris-mCherry colonies under fluorescent microscopy. Bars, 1,000 mm. (C) The morphology of B. arboris-mCherry colonies after 20 generations subculturing.


[image: Figure 2]

FIGURE 2
 Isolation of Burkholderia arboris M464 mutant with reduced antifungal activity. (A) Diagram of construction of B. arboris Tn5 insertion mutants. (B) Confrontation plate experiment of the antifungal activity of B. arboris against Fusarium oxysporum. Bacterial solution (10 μl at OD600 of 1.0) from wild type (WT) and M464 mutant were dropped in the center of 90 mm PDA plates, and fungi (1.0 × 105 spores/ml, 500 μl) were evenly sprayed on each plate 48 h after the cultivation of B. arboris. Plates were incubated at 28°C and images were taken 6 days after the fungal spray. (C) The M464 mutant showed reduced antifungal activity, as evidenced by the smaller diameter of the inhibition zone against F. oxysporum. Data are presented as mean ± SD (n = 3). Asterisks indicate significant differences between the wild type and M464 (**p < 0.01, Student’s t-test). The experiments were repeated twice, and similar results were obtained.


A plate confrontation experiment was performed to identify B. arboris mutants with weak antifungal activity against Fusarium oxysporum. Wild type B. arboris exhibited high antagonistic activity against F. oxysporum (Supplementary Figure 4), whereas three out of 3,000 putative transposon insertion mutants showed reduced antagonistic activity (Supplementary Figure 5). Among the three, M464, with a little yellow color, displayed the weakest inhibitory effect against F. oxysporum, as evidenced by the small diameters of the inhibition zones (Figures 2B,C); therefore, it was selected for further analysis.



cobA gene was mutated in M464 mutant

The Kan fragment from the M464 mutant was amplified by PCR, and the resulting PCR product was electrophoresed on an agarose gel. As expected, 833 bp of PCR fragments were observed in the gel (Supplementary Figure 6), confirming that the Kan sequence were inserted into the M464 genome. Thermal asymmetrical interlaced PCR (TAIL-PCR) was performed to amplify the flanking sequence adjacent to the border of Kan gene to identify the insertion site of Kan sequence in the M464 genome. Three specific primers with high annealing temperatures were designed from the Kan gene: SP1, SP2, and SP3. TAIL-PCR was performed using nested specific primers in three subsequent rounds of reactions, together with six arbitrary degenerate (AD) primers (Figure 3A). A specific band of approximately 1,000 bp was obtained in the secondary rounds of PCR with the SP2 primer when the M464 template was amplified, but not the wild type B. arboris genomic DNA (Figure 3B). Two bands were obtained during the tertiary rounds of PCR using the SP3 primer (Figure 3B). Since the PCR products from the tertiary rounds of PCR are supposed to be smaller than those from the secondary round, we purified the small band (around 800 bp) and sequenced it using the primer SP3. After alignment with the B. arboris genome sequence using the nucleotide Basic Local Alignment Search Tool (BLAST), we found that Kan sequence was inserted in the cobA gene in B. arboris chromosome (Figure 3C). Subsequently, the insertion site of Kan was confirmed by PCR using specific primers (Figure 3D). Overall, these results suggest that the cobA gene is mutated in M464 mutants.
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FIGURE 3
 The cobA gene was mutated in M464 mutant of Burkholderia arboris. (A) Diagram of thermal asymmetric interlaced PCR (TAIL-PCR). (B) Gel image of TAIL-PCR products. The second and third round of PCR products from wild type (WT) and M464 mutants were run on agarose gel electrophoresis. (C) Diagram of the insertion site of the kanamycin resistance gene (Kan) in the M464 mutant. The cobA gene was mutated in the M464 B. arboris mutant. (D) Fragments of PCR products were detected on agarose gel with specific primers from cobA and Kan sequences.


A cobA knockdown mutant was generated by site-specific mutagenesis to verify that cobA is important for the antifungal activity of B. arboris against F. oxysporum. To achieve this, cobA sequence was amplified from the B. arboris genome and ligated to the enzyme-digested mobilizable suicide plasmid pJP5603. Knockdown mutants were generated by homologous recombination and screened for resistance to high concentrations of Kan. Once the ∆cobA mutant had been verified, a confrontation plate test was performed to evaluate the antifungal activity of ∆cobA against F. oxysporum. The ∆cobA mutants showed significantly lower antifungal activity against F. oxysporum compared to the wild type, but higher than that of the M464 mutant (Figures 4A,B). Additionally, unlike M464, ∆cobA mutants did not show a yellow color, probably because of other mutations in M464. Nevertheless, deletion of cobA impaired the antifungal activity of B. arboris.
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FIGURE 4
 The ΔcobA mutant exhibited reduced antifungal activity. (A) Confrontation plate experiment of the antifungal activity of Burkholderia arboris against Fusarium oxysporum. Bacterial solutions (10 μl at OD600 of 1.0) from wild type (WT), ΔcobA, and M464 mutant were dropped in the center of the 90 mm PDA plate, and fungi (1.0 × 105 spores/ml, 500 μl) were evenly sprayed on each plate 48 h after the cultivation of B. arboris. Plates were incubated at 28°C and images were taken 6 days after the fungal spray. (B) The ΔcobA mutant showed reduced antifungal activity, as evidenced by the small diameter of the inhibition zone. Data are presented mean ± SD (n = 3). Asterisks indicate significant differences between the wild type and mutants (**p < 0.01, ***p < 0.001, Student’s t-test). The experiments were repeated twice, and similar results were obtained. (C) Crude extract of B.arboris inhibits the growth of F. oxysporum. Crude metabolites were extracted from the wild-type (WT), ΔcobA, and M464 mutants and dissolved in ethyl acetate. The antifungal ability against F. oxysporum was determined on the PDA plates (90 mm).




Mutation of cobA gene suppresses the production of antifungal compound

Furthermore, the potential mechanisms by which cobA mutation suppressed the antifungal activity of B. arboris were examined. First, we determined whether the cobA mutation affected the growth of B. arboris by comparing the growth curves of the wild type and ΔcobA mutant for 36 h, and found that the growth of ΔcobA mutant, including the doubling time and lagging time, had no substantial differences from that of the wild type (Supplementary Figure 7
A; Supplementary Table 3). Additionally, biofilm formation assay was performed, and it was observed that cobA mutation did not alter biofilm formation by B. arboris (Supplementary Figure 7
B). Moreover, swimming ability assay showed that the ΔcobA mutant had significantly higher swimming motility than wild type B. arboris (Supplementary Figure 7
C). Since ΔcobA mutant displayed reduced antifungal activity, it is unlikely that the increased swimming motility of the mutant was the major cause of the impaired antifungal activity. Overall, these results suggest that cobA mutation did not affect bacterial growth and physiological characteristics. Therefore, we hypothesized that the cobA may be involved in the production of antifungal compounds by B. arboris. To verify this hypothesis, the antifungal activities of metabolic crude extracts of the wild type and mutant B. arboris were evaluated. The crude extract from wild-type B. arboris significantly inhibited the growth of F. oxysporum, whereas that of ΔcobA mutant did not (Figure 4C), confirming that cobA is important for the production of antifungal compounds.



Differential metabolites between the wild type and ∆cobA mutant

Untargeted metabolomics was performed to identify the antifungal compounds in B. arboris, using UPLC-QTOF/MS, and differential metabolites between B. arboris and the ΔcobA mutant were identified (Supplementary Table 4). Compared with wild type B. arboris, 17 compounds were identified in the ΔcobA mutant, among which three were downregulated (Table 1). The cobA gene, also known as cysG (Spencer et al., 1993; Woodcock et al., 1998), has been shown to be involved in sulfur and selenium metabolic pathways (Storbeck et al., 2009; Park et al., 2011; Moore et al., 2012). Accordingly, it was observed that several of the differentially expressed metabolites between B. arboris and the ΔcobA mutant contained these elements, indicating that cobA mutation affected the synthesis of the metabolites. The cobA gene also contributes to the biosynthesis of siroheme and vitamin B12 (Woodcock et al., 1998; Rodionov et al., 2003); however, the ΔcobA mutant did not show significantly reduced levels of heme and vitamin B12, which may be due to the detection sensitivity of the equipment or redundancy of cobA gene in B. arboris. Therefore, the antifungal activities of the three downregulated compounds in the ΔcobA mutant were evaluated.



TABLE 1 Metabolic differences between wild type Burkholderia arboris and ∆cobA.
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The three downregulated compounds were dimethyl diselenide, lysophosphatidylethanolamine (LPE or lysoPE), and His-Ala-Phe-Lys (Hafk peptide). Dimethyl diselenide is volatile with a low boiling point of 57°C at 760 mmHg (Lide, 2007). However, we found that B. arboris did not inhibit the growth of F. oxysporum in a petri dish with separate compartments, suggesting that the antifungal compounds are not volatile (Supplementary Figure 8). Similarly, 10 and 100 mM of LPE did not inhibit the growth of F. oxysporum on PDA media (Supplementary Figure 9), indicating that both dimethyl diselenide and LPE were not the antifungal compounds produced by B. arboris. Overall, these results indicated that Hafk peptide may be the compound with antifungal activity.



Hafk peptide possesses antifungal activity

To investigate whether the short peptide Hafk possesses antifungal activity, we first determined the stability of crude extracts from B. arboris suspensions. The crude extracts were heated for 30 min at 40, 50, and 60°C respectively, followed by a plate confrontation experiment to verify the antifungal activity against F. oxysporum (Supplementary Figure 10
A). Preheating at high temperatures did not reduce the antifungal activity of B. arboris. Additionally, the crude extract exhibited antifungal activity after treatment with proteinase K, which catalyzes the degradation of L-isoforms of amino acids (Supplementary Figure 10
B), indicating that the antifungal compounds produced by B. arboris are not peptides or amino acids with L-isoforms (Kannan et al., 2020). Therefore, we synthesized a Hafk peptide containing all the D-amino acids, and its antifungal ability against F. oxysporum was assessed in a 12-well cell plate. PDA media (2 ml) was added at the bottom of each well, and then 50 μl of different concentrations of Hafk peptide solution was spread evenly on the surface. A F. oxysporum mycelium disk was placed at the center of each well and the mycelial growth zone was measured 72 h after placement. Fusarium oxysporum growth was significantly inhibited by the addition of 10 and 100 mM Hafk peptide compared with the control group; however, concentrations lower than 10 mM did not significantly inhibit fungal growth (Figures 5A,B). To detect whether Hafk peptide was secreted by B. arboris, the crude extracts from bacterial supernatant were subjected to LC–MS analysis. Synthesized Hafk peptide was used as a standard. The chromatogram in standard solution was overlapped with that in the supernatant of B. arboris, suggesting that Hafk peptide is present in the supernatant (Supplementary Figure 11). To test whether the Hafk peptide antagonizes other phytopathogenic fungi, its antifungal activity against B. cinerea was evaluated. Consistent with the findings in F. oxysporum, 10 mM of Hafk peptide significantly inhibited the growth of B. cinerea (Figures 5C,D). Similarly, B. arboris inhibited the growth of B. cinerea in the confrontation assay (Supplementary Figure 12). Overall, these results indicated that Hafk peptide possesses antifungal activity.
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FIGURE 5
 The peptide His-Ala-Phe-Lys (Hafk) antagonizes Fusarium oxysporum and Botrytis cinerea. (A) Growth inhibition assay of Hafk peptide against F. oxysporum. Different concentrations of Hafk peptide (50 μl) were evenly spread on the surface of the agar media in a 12-well-plate (diameter of each well, 25 mm), and then a fungal disk (diameter, 5 mm) was placed in the center of each well and cultured at 28°C. Images were taken 3 days after placement. A representative image is presented. (B) Hafk peptide inhibited the growth of F. oxysporum, as evidenced by the diameter of fungal mycelial growth. Data are presented as mean ± SD (n = 3). Asterisks indicate significant differences with or without the addition of the peptide (**p < 0.01, ***p < 0.001, Student’s t-test). The experiments were repeated with similar results. (C) Growth inhibition assay of Hafk peptide against Botrytis cinerea. The experimental conditions were the same as those in (A), except that B. cinerea was used. (D) Hafk peptide inhibited the growth of B. cinerea, as evidenced by the diameter of fungal mycelial growth. Data are presented as mean ± SD (n = 3). Asterisks indicate significant differences with or without the addition of peptides (***p < 0.001, Student’s t-test). The experiments were repeated with similar results.





Discussion

The identification of novel antifungal peptides has attracted much attention because it possesses considerable potential as alternatives to chemical pesticides or antibiotics in the control of fungal diseases in agriculture (Whetstone and Hammock, 2007; Fira et al., 2018; Zhao et al., 2019; Niu et al., 2020). In this study, a new short peptide (Hafk) consisting of four amino acids residues (His-Ala-Phe-Lys) was identified in B. arboris. The Hafk peptide with D-amino acids significantly inhibited the growth of F. oxysporum and B. cinerea, two phytopathogens that cause wilt and gray mold diseases. Overall, Hafk peptides could serve as a reference for the development of antifungal agents with broad-spectrum applications.

Antifungal peptides are produced by several organisms, including insects, plants, fungi, and bacteria (Maskey et al., 2003; Wen et al., 2014; Al Souhail et al., 2016; Khani et al., 2019). Most antifungal peptides are composed of 10–100 amino acid residues, and are classified as lipopeptides and linear, cyclic, and glucan peptides (Donzelli et al., 2001; Ortiz-Lopez et al., 2015; Park et al., 2018). Several mechanisms through which antifungal peptides inhibit fungal growth have been elucidated, which include the blocking of the biosynthesis of chitin and b-glucan, two major fungal cell wall components (Donzelli et al., 2001; Pushpanathan et al., 2012; Moghaddam et al., 2017; Tong et al., 2020). Additionally, some antifungal peptides can disrupt the fungal membrane, while others can pass through cell membranes to target intracellular DNA and RNA (Han et al., 2019; Khani et al., 2020; Bansal et al., 2022; Ding et al., 2022). Moreover, accumulating evidence indicates that short peptides containing 2–10 amino acids also exhibit antifungal activity (Velivelli et al., 2018; Gong et al., 2022). Compared to longer peptides, short antifungal peptides possess several advantages, including higher stability, lower toxicity to the host, and lower cost of synthesis (Apostolopoulos et al., 2021). However, the antifungal mechanisms underlying short antifungal peptides require further study. The Hafk peptide represents a new class of antifungal compounds; thus, it could serve as a model short peptide to elucidate the mechanism of antifungal activity.

Amino acids exist in two isomeric forms, D- and L-amino acids, with the exception of glycine (Du et al., 2019). Although L-amino acids are the most common form produced through chemical and enzymatic syntheses, D-amino acids are also involved in several biological processes. D-Ala and D-Glu were found to be the most common D-amino acids in bacterial extracellular or periplasmic polymers (Radkov and Moe, 2014). Several D-amino acids can synthesize biological peptides through the NRPS pathway, including antibiotics and toxins, such as daptomycin containing D-Ala (Baltz, 2009), which can inhibit spore growth (Shrestha et al., 2017). D-amino acids have also been reported to antagonize pathogens, such as Agrobacterium tumefaciens, Mycobacterium smegmatis, and Saccharomyces cerevisiae (Fox et al., 1944; Bopp, 1965; Yabu and Huempfner, 1974; Ruiz et al., 2021). In addition to their potential antimicrobial ability, D-amino acids are more stable than L- amino acids (Zhao et al., 2016). Therefore, D-amino acids could serve as experimental materials to elucidate the antimicrobial ability of peptides (Kapil and Sharma, 2021). In the present study, Hafk (His-Ala-Phe-Lys) peptide was identified in the wild-type using UPLC-QTOF/MS, while ∆cobA mutant showed reduced levels. Although ribosome cobA might not directly regulate the synthesis of D-amino acids, it is possible that ribosome cobA might control the production of a precursor substance which is required for the formation of mature Hafk peptide. Considering the cost, peptides with all 12 possible combinations of D and L isoforms were not synthesized, but instead assessed the antifungal activity of peptides with D-isoforms. In the present study, the Hafk peptide (D-isoform) significantly inhibited fungal growth; however, the concentration required is still high. Therefore, the antifungal activity of all combinations needs to be examined in future studies to improve the efficiency and reduce the cost.

CobA is homologous to the C-terminal module of CysG, which is a multiple functional enzyme involved in the metabolism of sulfur and selenium (Warren et al., 1994; Stroupe et al., 2003; Dereven'kov et al., 2017). In the present study, untargeted metabolomics between wild type and ∆cobA mutant identified compounds containing sulfur, selenium, and aromatic compounds. Since these elements are important for amino acid metabolism, it is possible that the cobA gene contributes to the biosynthesis of Hafk peptides. Moreover, cobA is important for the synthesis of cobalamin (vitamin B12) and siro heme (Storbeck et al., 2009; Park et al., 2011; Moore et al., 2012); however, both cobalamin and siroheme were not detected in the wild type and ∆cobA mutant, which could be attributed to low detection efficiency of the equipment or redundancy of cobA in B. arboris. Moreover, cobalamin and siroheme have not been reported to exhibit antifungal activity, indicating that both cobalamin and siro heme are not involved in antifungal activity in B. arboris. However, further studies are necessary to elucidate how cobA regulates the biosynthesis of Hafk peptide.

In summary, B. arboris exerts antifungal activity by producing Hafk peptide under the regulation of cobA gene. The Hafk peptide possesses considerable potential as a biocontrol agent for crop fungal diseases.
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Parameter Units
Dose mg/kg
T h
Crax po/ml
Vo miskg
MRT h
AUC ngh/ml
Protein binding %

Estimates
5.00 10.00 20.00

0.32 0.50 0.45
2.85 6.53 20.56
2073.90 2045.41 1469.10
0.32 0.64 0.56
1.11 3.54 8.89
89.256

T2, terminal elimination halflfe; Crax peak concentration; Vi, apparent distribution
volume; MRT, mean residence time; AUC, area under concentration-time curves.
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Parameters Total bacteria Intracellular bacteria

ECso Emax R? ECso Emax R?
FAUC/MIC 3.727 -2.071 091 3.560 -2.179 0.81
$Crax/MIC 3.635 -2077 072 0261 -2.303 0.66

§T% > MIC 4.188 —2.071 091 3.976 -2.179 0.81
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Parameters Total bacteria Intracellular bacteria

Stasis 11logyo kill 2logyo kill Stasis 1 logyo kill 2logyo kill

FAUC/MIC 3574 3.896 4778 3473 3569 3698
fCra/MIC  4.274 6.505 24.492  3.090 4.734 13.877
§T% >MIC  3.971 4.434 5.795 3.976 4.010 4.502

Stasis: The parameters resulting in no apparent bacterial growth in total bacteria and
intracelluler bacteria after 24 h treatment compared to the iitil incubation.
1log1o kil: The parameters resulting in decrease of 1 logzo CFU/ml in totel bacteria and
intracellular bacteria after 24 h treatment compared to the iitial incubation.
21og1o kil The paramters resulting in decrease of 2 logio CFU/m in total bacteria and
intracellular bacteria after 24 h treatment compared to the initial incubation.
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The sequence of NZX: GFGCNGPWSEDDIQCHNHCKSIKGYKGGYCARGGFVCKCY (Liu

etal, 2020).

Reference strains: S. aureus MRSA ATCC 43300 and S. aureus MSSA ATCC 25923.
Clinical isolated strains: S. aureus E48.
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Name Trp (W) Sequence Length (r) Charge? H wH

E23 3 WW RR VR RR WR 10 6 0.19 0.859
E19 3 WW RR VR RR WR RV 12 7 0.18 0.859
E16 3 WW RR VR RV WR RV RR 14 8 0.17 0.851
E63 3 VW RR VR RW WR RV RR 14 8 0.17 0.832
E64 3 VW RR VR RW WR RV RR RV 16 9 0.16 0.79

E13 3 WW RR VR RV WR RV RR RV 16 9 0.16 0.808
E66 3 VW RR VR RV WR RV RR WV RR 18 10 0.15 0.78

E10 3 WW RR VR RV WR RV RR VW RR 18 10 0.15 0.811
E7 3 RW VR RV RR VW RR VR RV VR RW 20 11 0.15 0.84

E72 3 RR VW RR VR RV WR RV RR WV RR W 22 12 0.14 0.765
E4 3 RR WV RR VR RV WR RV RR W RR WV 22 12 0.14 0.812
E76 3 RR VW RR VR RV VR RV WR WV RR W RR 24 13 0.14 0.739
E29 4 RR WW RR VW RW 10 5 0.52 0.83

E30 4 RR VW RW VR RW WR 12 6 0.45 0.87

E21 4 WW RR WR RR WR RV 12 7 0.26 0.942
E32 4 RR VW RW VR RW WR RV 14 7 0.4 0.849
E35 4 RR VW RW VR RV WR WV RR 16 8 0.36 0.736
E38 4 RR VW RW VR RV WR RV RR WV 18 9 0.33 0.791
E41 4 RR VW RW VR RV WR WV RR W RR 20 10 0.31 0.729
E44 4 RR VW RW VR RV WR WV RR W RR VR 22 11 0.29 0.718
E45 4 RR VR RW VR RV WR WV RR VW RR VR 22 12 0.19 0.762
E48 4 RR VW RW VR RV WR WV RR VW RR VR RV 24 12 0.28 0.72

E49 4 RR VR RW VR RV WR WV RR VW RR VR RV 24 13 0.18 0.764
E83 5 RR WW RR WW RW 10 5 0.62 0.931
E84 5 RR WW RW VR RW WR 12 6 0.53 0.951
E86 5 RR WW RW VR RW WR RV 14 7 0.47 0.916
E89 5 RR VW RW WR RV WR WV RR 16 8 0.43 0.793
E94 5 RR VW RW VR RV WR RV RR WW 18 9 0.39 0.835

H, hydrophobicity, and wH, hydrophobic moment, were determined using the online peptide modeling software heliquest.ipmc.cnrs.fr/; peptides of the same length are
minor positional variants of W; r, residues. The sequences were modeled as idealized amphipathic helices based on helical wheel diagram using the online modeling
software Heliquest, which also provides the physicochemical properties listed in the table. 2All charges are positive.
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E24
E61
E62
E65
E67
E68
E69
E70
E71
E73
E74
E75
E77
E31
E78
E79
E80
E81
E82
E85
E88
E93
E95

Trp (W)

[N e G T T T s S A B ¢S ¢ I ¢V I €V R ¢ I ¢V I CO B €V R ¢S R 0]

Sequence

VW RR WR RR WR

WV RR WR RR VR RW

VW RR WR RV WR RV RR

VW RR VR RV WR RV RR RW
VW RR VR RV WR RV RR VW RR

RW VR RV RR WV RR VR RW VR RV
RV WR RV RR VW RR VR RV WR RV
RW VR RV RR WV RR VR RV VR RW
RR VW RR VR RV WR RV RR W RR VW
RR WV RR VR RW VR RV RR W RR WV
RR WV RR VR RW VR RV RR WV RR W
RR VW RR VR RV WR RV RR VW RR W
RR WW RR WV RW

RR WW RV WR RV WR

VW RR WR RR WR RW

RR WV RW VR RW VR RW

RR WV RW VR RW VR WV RR

RR WV RW VR RW VR RV RR WV

RR VW RV WR RV WR VW RR VW RR
RR WwW RV WR RW WR

RR WV RW WR RW VR RW

RR WV RW VR RW VR WW RR

RR VW RV WR RV WR RW RR VW

Length (r)

10
12
14
16
18
20
20
20
22
22
22
22
10
12
12
14
16
18
20
12
14
16
18

Charge?

Ll ol e e Bl = < o N - )

-
o © ® N N O

© © N O

H

0.191
0177
0.166
0.159
0.153
0.148
0.148
0.148
0.144
0.144
0.144
0.144
0.517
0.448
0.263
0.399
0.363
0.334
0.311
0.534
0.473
0.427
0.391

wH

0.901
0.89

0.868
0.827
0.818
0.82

0.822
0.844
0.777
0.814
0.791
0.798
0.938
0.963
0.963
0.942
0.85

0.365
0.811
1.021
1.009
0.911
0.921

H, hydrophobicity and wH, hydrophobic moment were determined using the online peptide modeling software heliquest.ipmc.cnrs.fr/; peptides of the same length are

minor positional variants of W; r, residues

The sequences were modeled as idealized amphipathic helices based on helical wheel diagrams using the online modeling software Heliquest, which also provides the
physicochemical properties listed in the table.
aAll charges are positive.
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Name Trp (W) Sequence Length (r) Charge? H wH

E60 3 WR RR WR RW 8 5 * *
E17 3 VW RR VR RW VR RW RR 14 8 0.166 0.851
E14 3 VW RR WR RW VR RV RR RV 16 9 0.159 0.803
E11 3 VW RR VR RV VR RW RR WV RR 18 10 0.1563 0.798
E8 3 RV WR RV RR W RR WR RW VR RV 20 11 0.148 0.804
ES 3 RR VW RR VR RV VR RW RR WV RR W 22 12 0.144 0.779
E2 3 RR W RR WR RV VR RV WR WV RR VWV RR 24 13 0.141 0.758
E28 4 RR WW RR WW 8 4 " %
E25 4 WW RR WR RR WR 10 6 0.294 0.959
E36 4 RR WW RV VR RV VR WW RR 16 8 0.363 0.819
E39 4 RR WW RW VR RV VR RW RR W 18 9 0.334 0.845
E42 4 RR WW RV VR RV VR WW RR W RR 20 10 0.795 0.795
E90 5 RR WW RW VR RV VR WW RR 16 8 0.427 0.843
E91 5 RR WW RW VR RV WR WV RR 16 8 0.427 0.8
E97 5 RR VW RW VR RV WR RW RR WV 18 9 0.391 0.848
E98 5 RR WW RW WR RV VR RW RR VW 18 9 0.391 0.898

H (hydrophobicity) and wH (hydrophobic moment) were determined using the online peptide modeling software heliquest.jpmc.cnrs.fr/; peptides of the same length are
minor positional variants of W; r, residues; * Too short to be analyzed by the software.

The sequences were modeled as idealized amphipathic helices based on helical wheel diagrams using the online modeling software Heliquest, which also provides the
physicochemical properties listed in the table.

aAll charges are positive.





OPS/images/fmicb-13-889791/fmicb-13-889791-t005.jpg
*MIC, pM

E4 E5 E35 E72 E70 colistin

KP1010 4 2 8 1 1 16
KP87 4 2 8 1 1 >16
KP507 4 4 4 4 2 16
KP1045 4 4 8 4 2 >16
KP1041 4 4 2 4 4 >16
KP46 2 2 4 2 2 4
KP125 2 2 2 2 8 8

*Break point for resistance to colistin is 2 wg/mL or ~2 pM (Nation et al., 2017; Ooi
etal., 2019); MIC >8 uM, PAX resistance; KP. Klebsiella pneumoniae.
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Name Trp (W) Sequence Length (r) Charge? H wH

E20 3 W RR WR RR WR RW 12 7 Q177 0.904
E18 3 WV RR WR RV VR RW RR 14 8 0.166 0.914
E15 3 W RR WR RV VR RW RR RW 16 9 0.159 0.86

E12 3 WV RR WR RV VR RW RR W RR 18 10 0.153 0.865
E9 3 RW VR RW RR W RR WR RV VR RV 20 11 0.148 0.864
E6 3 RR WV RR WR RV VR RW RR W RR W 22 12 0.144 0.834
E3 3 RR W RR WR RV VR RW VR VW RR VV RR 24 13 0.141 0.824
E22 4 RR WV RV WR RW WR 12 6 0.448 1.002
E34 4 RR WV RV WR RW VR RW 14 7 0.399 0.995
E33 4 RR WV RV WR RW WR RV 14 7 0.399 0.962
E37 4 RR WV RV WR RW VR VW RR 16 8 0.363 0.931
E40 4 RR WV RV WR RW VR RW RR W 18 9 0.334 0.923
E43 4 RR WV RV WR RW VR VW RR W RR 20 10 0.311 0.884
E46 4 RR WR RV VR RW VR VW RR WV RR VR 22 12 0.191 0.87

E47 B RR WR RV VR RW VR VW RR W RR WR 22 12 9.191 0.88

E50 4 RR WR RV VR RW VR VW RR W RR WR RV 24 13 0.184 0.873
E87 5 RR WV RV WR RW WR RW 14 7 0.473 1.035
E92 5 RR WV RW WR RW VR VW RR 16 8 0.427 0.955
E96 5 RR WV RV WR RW VR RW RR VW 18 9 0.391 0.966

H (hydrophobicity) and wH (hydrophobic moment) were determined using the online peptide modeling software heliquest.jpmc.cnrs.fr/; peptides of the same length are
minor positional variants of W; r, residues.

The sequences were modeled as idealized amphipathic helices based on helical wheel diagrams using the online modeling software Heliquest, which also provides the
physicochemical properties listed in the table.

aAll charges are positive.
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Microorganism Cr(pM)

A(F13-A30) Mehamycin*

Fungi

Neurospora crassa CGMCC 3.1605 33.78 26.01
Geotrichum candidum CCTCC AY 93038 53.56 35.05
Candida albicans 2.4116 77.98 29.64

Gram-positive bacteria

Bacillus megaterium CGMCC 1.0459 2.69 8.97
Bacillus subtilis CGMCC 1.2428 14.49 10.91
Micrococcus luteus CGMCC 1.0290 3.11 8.67
Penicillin-resistant Staphylococcus aureus 3.86 8.07
P1383

Streptococcus mutans CGMCC 1.2499 2.08 8.45
(ATCC 25175)

Streptococcus salivarius CGMCC 1.2498 2.26 8.93
(ATCC 7073)

Streptococcus sanguinis CGMCC 1.2497 2.93 5.16
(ATCC 49295)

Gram-negative bacteria N.A. N.A.

Escherichia coli ATCC 25922

N.A., no activity, indicating no inhibition zone observed at 1.0 nmol peptide per well.
*Data derived from the reference.
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Short-range | i-j | <1

Medium range 1< | i-j | <5
Long range 5< | i-j |

Hydrogen bond restraints
Dihedral angle restrains (phi, psi)
Number of violations

NOEs (>0.5 A)

Dihedral angles (>0.5 deg.)
Average pairwise r. m. s. d. ()
Backbone atoms (residues 2-60)

Heavy atoms (residues 2-60)

Backbone atoms of ordered residues

Heavy atoms of ordered residues
Ramachandran statistics (%)

Residues in favored regions

Residues in additionally allowed regions

Residues in generously allowed regions

Residues in disallowed regions

690
325
156
209
22
18,18
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Peptide Control Physiological salts M

Serum GM
Na* K+ Mg?+ zn2+ NH} Fet+ Ca?+ 50% 100%

E. coil 25922
TP (+4) 182 4 >64 8 32 2 8 8 >64 39.75 16 32 2262
TP (1+4) 18285 1 4 2 2 1 2 1 4 222 2 2 200
S. aureus 29213
TP (i+4) 182 >64 >64 >64 >64 >64 >64 >64 >64 >64 >64 >64 >64
TP (+4) 18285 2 2 1 2 1 2 2 2 175 4 8 565
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Peptide MHC(M)* Geometric mean (GM, M)® Therapeutic index (TI)®
Gram-negative Gram-positive Al Gram-negative Gram-positive Al
bacteria bacteria bacteria bacteria

™ >128 128.00 128.00 128.00 1.00 1.00 1.00
TP (44) 1 >128 45.25 128.00 76.11 283 1.00 168
TP (442 >128 35.92 128.00 67.81 356 1.00 1.89
TP (44)3 >128 128.00 128.00 128,00 1.00 1.00 1.00
TP (+4) 4 >128 45.25 128.00 76.11 283 1.00 1.68
TP (+4) 182 >128 10.08 128.00 3592 12.70 1.00 356
TP (+4) 183 >128 7184 128,00 9.89 1.78 1.00 1.38
TP (+4) 184 >128 20.16 128.00 50.80 653 1.00 256
TP (i+4) 283 >128 64.00 128.00 90.51 2.00 1.00 1.41
TP (+4) 284 >128 16.00 128.00 4525 8.00 1.00 283
TP (i+4) 384 >128 114.04 128.00 120.82 1.12 1.00 1.06
TP (+4) 18283 >128 35.92 128.00 67.81 356 1.00 189
TP (+4) 18284 >128 14.25 128.00 42.71 890 1.00 298
TP (1+4) 28384 >128 32.00 128.00 64.00 4.00 1.00 200
TP (+4) 18285 >128 2,00 200 200 64.00 64.00 64.00
TP (i+4) 18286 >128 12.7 85.45 32.94 10.08 1.50 3.89
TP (+4) 18287 64.00 4.49 3.48 3.95 14.25 18.39 16.19
TP (+4) 1828586 64.00 252 9.19 481 25.40 696 13.30
TP (+4) 1828587 64.00 50.80 10.56 23.16 1.26 606 276
TP (1+4) 1828687 64.00 504 230 3.40 12.70 27.83 18.80
TP (+4) 182858687 800 252 264 258 347 308 310

AMHC is the concentration of peptide that causes hemolysis of 50% of human red blood cells. When 50% hemolysis was not observed at 128 um, 128 um was used to calculate the

therapeutic index.

bThe geometric mean (GM) of MIC value (all strains in Table 2). When no antibacterial activity was detected at 128 um, 128 um was used to calculate the therapeutic index.

©The selectivity index (SI) was calculated as MHC/GM. Lager values indicate higher therapeutic potential (Ong et al., 2014).
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Peptide
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TP(i+4) 2
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TP+4) 182
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TP(i+4) 263
TP(+4) 284
TP(+4) 384
TP(+4) 18283
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TP(i+4) 26384
TP(+4) 18285
TP(i+4) 18286
TP(i+4) 18287
TP(i+4) 1828586
TP(i+4) 1628587
TP(+4) 1828687
TP(i+4) 182858687

aMinimum inhibitory concentration (MIC, pum) is defined as the minimum concentration of peptide for inhit
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Peptide

™
TP(+4) 1
TP(+4)2

TP(+4) 3

TP(+4) 4

TP(+4) 182
TP(+4) 183
TP(+4) 184
TP(+4) 283
TP(+4) 284
TP(+4) 384
TP(+4) 18283
TP(+4) 18284
TP(+4) 28384
TP(+4) 18285
TP(+4) 18286
TP(+4) 18287
TP(+4) 1828586
TP(+4) 1828587
TP(+4) 1828687
TP(+4) 182858687

Sequence

ASVWNKLTGGVAGLLK-NH;
ASVVKKLTKGVAGLLK-NH,
ASVUNKLTKGVAKLLK-NH;
AKWNKLTGGVAGLLK-NH2
ASVUNKLTGKVAGLLK-NHz
ASVVKKLTKGVAKLLK-NH,
AKWKKLTKGVAGLLK-NHz
ASVWKKLTKKVAGLLK-NH;
AKVWNKLTKGVAKLLK-NH;
ASVUNKLTKKVAKLLK-NH;
AKVWNKLTGKVAGLLK-NH,
AKWKKLTKGVAKLLK-NHz
ASVVKKLTKKVAKLLK-NH,
AKWNKLTKKVAKLLK-NH,
ASVWKKLWKGVWKLLK-NH;
ASVWKKWTKGWAKLLK-NHz
ASVVKWLTKWVAKLLK-NH
ASVWKKWWKGWWKLLK-NH,
ASVWKWLWKWVWKLLK-NH;
ASVWKWWTKWWAKLLK-NHy
ASVWKWWWKWWWKLLK-NH;

Measured MW (Da)

1625.83
1611.02
1668.07
1566.92
1596.95
1682.14
1665.12
1682.14
1709.17
1739.19
1638.05
172324
1763.26
1780.29
1882.38
184227
1869.34
2042.51
2069.58
2029.47
2229.71

2The theoretical molecular weight (MW) of the peptides was calculated using the Prot Param tool.

bHydrophobic moment (uH).

Theoretical MW(Da)®

1626.84
1612.03
1669.08
1567.94
1597.96
1683.15
16563.13
1683.15
1710.19
1740.27
1639.06
1724.15
1754.28
1781.30
1883.40
1843.29
1870.35
2043.53
2070.60
2030.49
2230.73

©The mean hydrophobicity (H) was analyzed using HeliQuest (http://heliquest.ipme.cnrs.fr/cgi-bin/ComputParamsV2.py).

Net charge

A AP OE OO AN ® O RSN

rH®

0516
0.594
0.629
0574
0516
0.646
0.652
0.591
0.688
0.631
0575
0.704
0.646
0.690
0.610
0.739
0.676
0.693
0.525
0.764
0.617

0.379
0.325
0315
0.379
0377
0.201
0.283
0.291
0.256
0.253
0318
0.231
0.229
0.194
0.536
0.389
0.634
0.635
0.879
0.732
0.978
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Compounds Formula Class Fold change Mutant/WT ~ pvalue

Dimethyl diselenide CHSe, Heterocyclic compounds 0371336 down 0.030657

LPE (0:0/16:0) CuHNOP Gp 0414760 down 0031534

His-Ala-Phe-Lys CoHN,0x Amino acid and its 0479923 down 0013086
metabolites

Methylthiouracil CHN08 Heterocyclic compounds 2095310 up 0037717

Mecoprop-P CioH, CIO, Benzene and substituted 2388018 up 0021607
derivatives

Thiosulfate Others 2429764 up 002141

2-Mercaptobenzothiazole Benzene and substituted 2731294 wp 002313
derivatives

4-Hydroxy-2'3,3,5'6'- CLHCLO Benzene and substituted 2837713 wp 0034287

pentachlorobiphenyl derivatives

1-Hydroxy-2-naphthoic acid CyHO, Benzene and substituted 2854197 up 0041737
derivatives

Purine CHN, Nucleotide and its 2896017 up 0003918
metabolites

2-0-(alpha-D-Mannosyl)-D-glycerate  C;H,,0, Organic acid and its 2984335 up 0029857
derivatives

Halofuginone CieHBICIN,O, Aldehyde, ketones, and 2993056 up 0022079
esters

Resveratrol 4'-0-D-glucuronide Heterocyclic compounds 3686397 up 0031308

Deoxyribose 5-phosphate Organic acid and its 4034139 up 0017055
derivatives

Methyl 1-propene- 1-sulfenoselenoate  C,H,SSe Aldehyde, ketones, and 4205002 up
esters

2.4-Dichlorobenzoic acid CH.CLO, Benzene and substituted 4995242 up
derivatives

14-Dichlorobenzene CHCL Benzene and substituted 5972579 up 0047527
derivatives

Differential metabolites betuween wild type and mutant B. arbors were determined at variable importance in projection (VIP) 1, p<0.05 (Students t-test), and absolute log fold change
(FC)> 1.0.
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Strain by Species (strain) MIC (pg/ml)

Mycobacterium by
type antimicrobial
agent
NoS
ATCC 19977 Mycobacterium abscessus 0.125
ATCC 27406 Mycobacterium agri <0.008
ATCC 27280 Mycobacterium aichiense >8
ATCC 23366 Mycobacterium aurum 4
ATCC 33464 Mycobacterium austroafricanum 4
ATCC 14472 Mycobacterium chelonae 2
ATCC 19627 Mycobacterium chitae 0.125
ATCC 27278 Mycobacterium chubuense 2
DSM 44829 Mycobacterium cosmeticum >8
ATCC 19340 Mycobacterium diernhoferi 0.063
ATCC 35219 Mycobacterium fallax 1
ATCC 14474 Mycobacterium flavescens 05
ATCC 6841 Mycobacterium fortuitum >8
ATCC 27726 Mycobacterium gadium 0.031
ATCC 43909 Mycobacterium gilvum <0.008
ATCC BAA-95 Mycobacterium goodii >8
ATCC 25795 Mycobacterium neoaurum 0125
ATCC 27023 Mycobacterium obuense 4
ATCC 19686 Mycobacterium parafortuitum 2
DSM 43271 Mycobacterium peregrinum >8
ATCC 11758 Mycobacterium phlei >8
ATCC 35154 Mycobacterium pulveris 0125
ATCC 35796 Mycobacterium senegalense 2
ATCC 33027 Mycobacterium sphagni 0.063
ATCC 19420 Mycobacterium smegmatis 4
ATCC 19527 Mycobacterium thermoresistibile 0.5
ATCC 27282 Mycobacterium tokaiense >8

ATCC 15483 Mycobacterium vaccae 025
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Peptide

PlyPa01 15155
PaP1

PlyPad1 11s-14s
PaP91
PlyPag6z1. 16
PaP96
PlyPa103a7-172
PaP103

Amino acid sequence®

NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRA
NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRKSQSRESQC
NAGQPAASWCPELDRW\YAGGKRVQGLYNRRA
NAGQPAASWCPELDRWVYAGGKRVQGLYNRRKSQSRESQC
NAGNQPAGCRAMLSWRFITRDGKKVDCSTPQPYCSGVWERRQ
NAGNQPAGCRAMLSWRFITRDGKKVDCSTPOPYCSGVWERRKSQSRESQC
NAGLDINRDGVITKAEAAAKVQAKLDRGLQPQFRRA
NAGLDINRDGVITKAEAAAKVQAKLDRGLQPQFRRKSQSRESQC

"The A133K peptide modification is shown in bold, whil the SQ-8C addition is underfined.
“Theoretical isoelectric point.

Net charge at pH 7.0.

‘Grand average of hydropathicity.

I

10.93
10.43
10.04
9.84
9.50

10.26
10.02

Charge*

+4
+5
+3
+4
+4
+5
+3
+4

GRAVY?

~0.506
-0.931
-0.622
-1.012
-0.888
-1.052
~0.569
-0.934
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Species Strain Source Notes

A. baumannii ATCC 17978 ATCC
A. baumannii ATCCBAA-1792  ATCC MDR, CRAB
A. baumannii 1792-1793 HSS MDR
A. baumannii NR-17783 BEI resources,  MDR
NIAID
A. baumannii NR-19298-19209 BElresources,  MDR
NIAID
B. anthracis ASterne RUBG pPXO1- pXO2-
C. freundii ATCC 8090 ATCC
C. dificile ATCC 43255 ATCC Toxinotype 0
£ aerogenes NR-48555 BEI resources,  MDR, CRE
NIAID
E. cloacae NR-50891 BEI resources,
NIAID
E. cloacae NR-48558 BEI resources,  CRE
NIAID
E. faccalls vi2 RUBC VSE
E. faecium RH1 NYP/WCMC VSE
E. faecium EFSK2 ATSC VRE
E. faecium EFSK16 ATSC VRE
E. faecium EFSK33 ATSC VRE
E col ARS31 NYU
E col L22-1 Satin et al,, 2018 ESBL-producing
E col L159-1 Satin et al,, 2018 ESBL-producing
E col B481-1 Satin et al,, 2018 ESBL-producing
K. pneumoniae  NR-41923 BEI resources,
NIAID
K. pneumoniae  ATCC 700603 ATCG MDR, ESBL-
producing
K. pneumoniae NR-15410-15411  BEI resources, blayec, CRE
NIAID
L. monocytogenes  HER1184 RUBC
R mirabils AR397 RUBC
Pseudomonas sp.  HPBOOT1 BEI resources,
NIAID
R aeruginosa PAO1 ATCC
R aeruginosa 443-453 NYP/WCMC
R aeruginosa ARAG3-AR4TA YU
R aeruginosa NR-51517-61530 BElresources,  MDR
NIAID
P entomophia  AR4SS RUBC
P luteola AR4T9 RUBC
R mendocina AR482 RUBC
P oryzihabitans  AR4S6 RUBC
P putida AR4T8 RUBC
Saimonela sp. AR396 RUBC Group D
S. marcescens  ARAO1 RUBC
S. flexneri ATCG 12022 ATCC
S. sonnei ATCG 25031 ATCC
S. aureus Newman RUBC MSSA
S. aureus NRS382-384 NARSA collection  MRSA
S. agalactiae 090R RULC
S. pneumoniae  DCC1490 RULC
S. pyogenes D471 RULC

ATCC, American Type Culture Collction; ATSC, The Alexander Tomasz Strain Collection;
blasso, K. prieumoniae carbapenemase gene; CRAB, carbapenem-resistant A. baumanni;
CRE, carbapenem-resistant Enterobacteriaceae; ESBL, Extended-spectrum fHiactamase;
HSS, Hospitalfor Special Surgery in New York; MDR, muliorug-resistant; MRSA, methicilin-
resistant S. aureus; MSSA, methicilla-sensitive S. aureus; NARSA, Network on Antimicrobia
Resistance in S. aureus; MIAID, National Istitute of Alrgies and Infectious Diseases; NYP/
WCMC, NewYork Presbyterian/Weil Comel Medical Center; NYU, New York University
Langone Medical Center; RUBC, The Rockefeller University Bacteril Coleection; RULG, The
Rocksfeller University Lancefietd Collction; VRE, vancomycin-resistant Enterococcus; and
VSE, vancomycin-sensitive Enterococcus
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Peptide” Amino acid sequence® P Charge* GRAVY"

PaP1-1 NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRASEREL FLGAA 10.25 43 -0351
PaP1-2 NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRA 10.93 +4 -0.506
PaP1-3 NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRK 11.00 +5 -0.690
PaP1-4 NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRASQSRESQC 10.28 +4 -0.785
PaP1-5 NAGDYAGAAEQFLRWNKAGGKVLPGLVRRRKSQSRESQC 10.43 +5 -0931
PaP1-6 QYCANDRVGNLWVEAQEGRKPLRSSAKFKGGAQRRSGLA 10.43 +5 -0931

'PaP1-5 was renamed as PaP1 for subsequent experiments.

"The A133K peptide modication is shown in bold, while the SQ-8C addtion is underiined.
“Theorefical isoelectric point.

“Net charge at pH 7.0.

‘Grand average of hydropathicity.
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Strain or plasmid

Bacteria

Escherichia coli DH5a

Streptococcus anginosus
BSU 1211

Listeria monocytogenes
EGDe

Listeria monocytogenes
EGY2

Listeria monocytogenes
pNZ-pHin2!M
Listeria ivanovii CIP
78.42T

Listeria grayi CIP 68.18T

Enterococcus faecium BSU
1516

Pseudomonas aeruginosa
BSU 856

Staphylococcus aureus BSU
1348

Plasmids
pNZ44

pNZ-pHin2M
Fungi

Candida albicans
Candida auris

Candida parapsilosis

Definition

endAl hsdR17 supE44
DlacU169(f80lacZDM15)
recAl gyrA96 thi-1 relAl

S. anginosus, clinical
isolate

Ln IT Serotype I/2a

EGDe derivative carrying
a deletion of 84 bp in the
mptD gene

L. monocytogenes EGDe
carrying pNZ-pHin2!M

VRE, DSM 17050
ATCC 27853

MRSA, ATCC 43300

E. coli-L. lactis
high-copy-number shuttle
vector, Cm", constitutive
P44 promoter from

L. lactis

pnZ44 derivate, high level
constitutive expression of
pHin2lM

ATCC 90028
DSM 21092

ATCC 22019

Source

Boehringer

Bauer et al,, 2020

Bécavin et al., 2014

Dalet etal., 2001

Reich et al., 2022

Zetzmann etal., 2015

Zetzmann et al., 2015
DSM

ATCC

ATCC

McGrath et al., 2001

Reich et al,, 2022

IPK laboratory of
medical mycology
IPK laboratory of
medical mycology
IPK laboratory of
medical mycology
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(MIC <2 pig/ml)
3.8,3.15,3.21,45,7.2,
7.9,7.10,7.21,9.4%, 10,6,
10.7,109, 10.13, 11.1,
116,113,121, 12.7,
12.2,128, 13.6%, 14.5,
14.8,18.3, 19.6, 20.4,
20.5,20.2, 26.3, 26.7,
269,274

Intermediate n=21
(MIC=4pg/ml)
4.2,43,44,6.1,6.2,6.5,
74,75,8.2,83, 9.1,
133,16.1,17.1%,17.4,
18.6,18.9,21.2,21.4,223

Resistant n=18
(MIC> 8 pg/ml)

24,32,33,36,5.1%,63,
68,86,87,9.2,103,
104,114, 115,125,
142%,16.2%,166

“strains selected to test antimicrobial activity of bovine lactoferrin.
Strains were classified as sensitive, resistant, or intermediate, according to CLSI criteria.
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1 2 5 16 32.14
2 10 5 15 33.39
3 2 15 16 30.58
4 10 15 15 32.64
5 2 10 10 32.32
6 10 10 10 33.61
4 2 10 20 33.45
8 10 10 20 33.65
9 5 5 10 32.91
10 5 15 10 33.68
1 5 5 20 34.15
12 5 15 20 31.60
13 5 10 15 34.12
14 5 10 15 33.93
15 5 10 15 33.73
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Primer

qDrhepF

qgDrhepR
gDmhep_8cysV1F
gDmhep_8cysV1R
gDmhep_cysV2F
gDmhep_8cysV2R
gDrBactinF
gDrBactinR
gDmpactinF
gDmpactinR

Sequence (5'-3')

GACTGAAGCTGAACACAGACTAA
GCAGTATCCGCAGCCTTTAT
TGTTTTCCCTATGGAGTGCCC
CTGCCTGATGTGATTTGGCAT
TTACTGAACACGAGGAGCCC
TTGTGCAGCACGTTTGACAG
GATCTGGCATCACACCTTCTAC
TCTTCTCTCTGTTGGCTTTGG
ATTGTGACCAACTGGGATGA
GGGCAACTCTCAGCTCGT

Dm, D. mawsoni; Dr, D. rerio; hep, hepcidin; cys, cysteine.
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Bacteria MIC (nM)

Dmhep_8cysV1 Dmhep_8cysV2 Drhep
S. agalactiae 20 10 10
S. aureus 25 15 25
E. coli 25 20 15
A. hydrophila 25 20 20
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A Hepcidin Locus A (species-specific)

1 2 3 4
D. mawsoni [T ~0—0 L 8-cys hepcidin
> “«— €« < <« —_—

Hepcidin Locus B (Conserved in all Notothenioid species and D.rerio)

4-cys hepcidin

O 3-cys hepcidin

Upstream Stimulating Factor 2-like 1 Unknown protein (5 No functional fragment
e = E—
B Signal peptide Pro-peptide

Dmhep_8cysV1
Dmhep_8cysV2
Drhep

Dmhep_8cysV1
Dmhep_8cysV2
Drhep

EAIS-T.EAFIIIL-ESE- GNOELEEAGANDTPVAVYQ 47
Vi TEWVAVYVAVVETCISMEESSAVEVE . EfjPDEEEPMENDY SLTEHE 47
WiA L. SNVFLAAVVIBTCVEVFQI TAVEFIQQODEHHVESEELQENQHL, 48

Mature peptide

T ——
BPSDDEWMMEY S P . BARERRRK . . BRESENGESN . . TBoTRETRR o7
TEAEHRLTDFLVLFRTKEOSHLSTERE <SRN . KCBGv®le. . K 90
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Peptide
cathelicidin-BF30
cathelicidin-BF15
ZY13

ZY4
GW18
GK18

terminal amidation (-NH,)

Sequence
KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF
'VKRFKKFFRKLKKSV*
VKRWKKWRWKWKKWV

VCKRWKKWKRKWKKWCV
GWGAKRWGKRGWKWKRHW*
GKRGWKRFKGAKWKRTWH®

length; NC: Net charge; H: Hydrophobi

17
18
18

PR: Polar residues; NPR: Nonpolar residues.

NC
+11
+8
+8

+9
+7
48

0328
0261
0070

PR (n/%)
16/53.33
9/60.00
8/53.33

9/52.94
12/66.67
137222

NPR (n/%)
14/46.67
6/40.00
7146.67

8/47.06
63333
5/27.78
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Bacterial strains
(Gram-negative)

A. baumannii (ATCC
003321216)

E. coli (ATCC 25922)

E. coli (KPC+ 001812446)
K. pneumoniae (ATCC 13883)
K. pneumoniae (KPC+
001450421)

P aeruginosa (KPC+
003321199)

Bacterial strains (Gram-
positive)

P acnes (ATCC 51277)

S. aureus (ATCC 7133623)
Biofilm bacterial strains

A. baumannii (ATCC
003321216)

E. coli (ATCC 25922)

MIC (pg.ml™)
Lic-3a Lt-MAP1 Lt-MAP2 Lt-MAP3 Ciprofloxacin
4 >128 8 128 128
>128 >128 >128 64 4
>128 >128 >128 64 128
128 >128 32 32 32
>128 >128 6 >128 128
128 >128 128 >128 64
Lte-3a Lt-MAP1 Lt-MAP2 Lt-MAP3 Ciprofloxacin
>128 >128 64 16 >128
>128 >128 >128 128 o
MBIC (pg.ml)
» >128 2 128 128
16 128 16 o 128
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Peptide Sequence z H H% M (Da) M (Da)
Ltc-3a SWKSMAKKLKEYMEKLKQRA 6 0.058 35 24840 24833
LeMAPL LAKKLKEYLEKLY 2 0312 46 15750 1575.
Lt-MAP2 LIKKLKEYLKKLI 4 0.444 46 1630.2 1630.2
Lt-MAP3 LAKKLAKYLKKAL -3 0.288 53 1488.0 1488.0

Of which <Z>: net charge; <H>: Hydrophobicity; H%: percentage of non-polar residues; <uH>: hydrophobic moment; M: Theoretical mass determined by the Antimicrobial Peptide
Database prediction tool M*: actual mass determined by mass spectrometry after synthesis and purification of peptides





OPS/images/fmicb-13-965621/fmicb-13-965621-g003.jpg
Bacter

Lieas LeMApt Liwar? LtMAPS Ciprofioxacin
: .
Eo £ 10
! w e T
p Pa ol .
ol il mJ‘
2 SRR NinE R i
£ & H .
5 E2 " o ] Fﬁﬁﬁm i
Srreees S rreees y\)i«*\@,@«@ S rres e e e
o o y
o [Peptide] (ugmL) [Peptide] (ugmL™) o [Peptide] (ugmL) [Peptide] (ugmL™) W [Antibiote] (gL’
LTc-3a Lt-MAPL Lt MAP2 LtMAP3 Ciprofloxacin
, - .
£ e
) = } o
— L i.a in A ﬁﬁ .
o Mo LS . I o
S reerey e A §r e peR §rreD e

[Peptide] (ig.mL)

[Peptide] (ugmL)

[Peptide] (ug.mL™)

)

[Peptide] (ng.mL?) [Antibiote] G






OPS/images/fmicb-13-870361/fmicb-13-870361-g004.jpg
1x1012

1X1011 - TR ik

r *%
1 x1 0 10 - —
- B Model

el F Nl B =
oy s T - i 81 Treated
1x108 o . N N

=107 SN\ N AN N\ :

CFU/g

1x106 ﬁﬁ:?E fﬁ};; éﬁ:fﬁ ﬁﬁiiﬁ k. AN

1%105 AN i . o . A i I

1x104 - Gﬁ-;i = N . :ﬁﬁff{ T

....................

1%103 - S N o ol B N N

B
1x1012 -

1x1011

*%

-
.

**

1%1010

1x10° ‘;}',;:_;;’ ; — B Model

% S2 Treated

XX Positive control

:

1%x108

CFU/g

1%107 éf i; ;ﬁ ;3 -

1x10°

1%x10°

1x104

1%x103

0 1 3 5 7 10
Exposure Time (d)

1x1012

[ |
*
*

*%

1)(1011 =

1%x1010
Bl Model

S3 Treated

Y Positive control

1x10°

1x108

CFU/g

1x107

1%x1068

1x10°

'
e
.

e
)
.

1x104

------------------
__________________________
------------

. 3
--------------
........................

1x103

Exposure Time (d)





OPS/images/fmicb-13-1029366/fmicb-13-1029366-t002.jpg
Bacteria strains

Staphylococcus aureus (ATCC6538)
methicillin-resistant Staphylococcus aureus (MRSA-Z)
Staphylococcus aureus (SA115775)

Staphylococcus aureus (SA15192)

MIC: minimal inhibitory concentration.

GW18
132
132
132
132

MIC (M)

Vancomycin
1.08
054
1.08
216

Methicillin
194
>124.25
6213
1553
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Inhibition rate =

ODjoonm (positive control) — ODgoonm(sample)

x 100%

OD6oonm(positive control) ~ ODe00nm(negative control)
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AMPs

In vitro assay

AKFSLKTKQRISKVLTKKLKRL
FKKIANQIRQLIKKIRGHWH
GKICELKTRLFKNIQKMIKK
IKKIDKQILKWAKNLNRHF

SOz

Step 1.

=

Step 5. Offline screening by the FAAP

(1 hour)

Multi-parameter
local filtering
(4 weeks)

Step 2. Step 3.
Multi-parameter online  Online filtering by four
filtering by DBAASP algorithms in CAMPg;
(2 weeks) (3 days)

Decision-tree like screening model

4

formula (1) === formula (2) ws===p formula (3)

Seq.

P3 - P43 P44 P45 D' MD

P1 P2
S1 8 1196 25 --- 019 -0.75 0.12 2.337 77.43
S2 8 11.29 24 --- 0.31 12.96 -0.04 2.328 77.3
S3 101233 25 --- 0.22 6.25 -0.04 2.323 77.22
S4 7 1183 25 --- 0.23 3 -0.01 2.284 76.64

S5

7 11.93

23 - 022 759 0 2.283 76.63

S337 5 1136 23 --- 0.17 -092 0.02 1.5 64.95

Step 4.

Calculation of MD index (2 days)
Weighted point method
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