M Aschi 
  
N Perini 
  
N Bouchemal 
  
C Luzi 
  
P Savarin 
  
L Migliore 
  
A Bozzi 
  
M Sette 
email: sette@uniroma2.it
  
  
  
Structural characterization and biological activity of Crabrolin peptide isoforms with different positive charge

Keywords: antimicrobial peptides, crabrolin, nuclear magnetic resonance, circular dichroism, molecular dynamics FITC-D, fluorescein isothiocyanate-dextran, CL, cardiolipin, PE, phosphatidylethanolamine, PG, phosphatidylglycerol, LPS, Lipopolysaccharide, BC, BODIPY-TR-cadaverine, EDTA, Ethylenediaminetetraacetic acid. NMR, Nuclear Magnetic Resonance

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

1. The spreading of bacterial resistance to conventional antibiotics actually in use to combat and defeat the majority of infectious microorganisms, requires the identification and setting up of new compounds able to overcome the resistance. To this purpose, antimicrobial peptides (AMPs) are a possible effective alternative to conventional antibiotics. AMPs are produced by many organisms [START_REF] Ganz | The role of antimicrobial peptides in innate immunity[END_REF][START_REF] Zasloff | Antimicrobial peptides of multicellular organisms[END_REF]. AMPs indeed, constitutes the immune defense system in invertebrates [START_REF] Bulet | Anti-microbial peptides: from invertebrates to vertebrates[END_REF][START_REF] Sperstad | Antimicrobial peptides from marine invertebrates: challenges and perspectives in marine antimicrobial peptide discovery[END_REF]. Typically AMPs have short amino acidic sequence and their mode of action consists in the interaction with bacterial membranes through their positive charge, subsequent folding in amphipathic structures and disruption of the membrane [START_REF] Hancock | Role of membranes in the activities of antimicrobial cationic peptides[END_REF][START_REF] Sitaram | Antimicrobial Peptides with Unusual Amino Acid Compositions and Unusual Structures[END_REF][START_REF] Sani | How membrane-active peptides get into lipid membranes[END_REF]. Thus, they usually do not have a specific target, as in the case of antibiotics [START_REF] Zasloff | Antimicrobial peptides of multicellular organisms[END_REF][START_REF] Shai | Mode of action of membrane active antimicrobial peptides[END_REF][START_REF] Yeaman | Mechanisms of Antimicrobial Peptide Action and Resistance[END_REF][START_REF] Lohner | Molecular mechanisms of membrane perturbation by antimicrobial peptides and the use of biophysical studies in the design of novel peptide antibiotics[END_REF] thus avoiding the possibility of bacterial resistance. AMPs have been classified into three groups: (a) linear peptides that form amphipathic α-helices, (b) cysteinerich peptides and (c) peptides with an over presence of one or two amino acids [START_REF] Zasloff | Antimicrobial peptides of multicellular organisms[END_REF][START_REF] Bulet | Anti-microbial peptides: from invertebrates to vertebrates[END_REF][START_REF] Hancock | Cationic peptides: a new source of antibiotics[END_REF][START_REF] Wang | APD3: the antimicrobial peptide database as a tool for research and education[END_REF] and are potential candidates in the protection of the host against microorganisms [START_REF] Epand | Diversity of antimicrobial peptides and their mechanisms of action[END_REF][START_REF] Nguyen | The expanding scope of antimicrobial peptide structures and their modes of action[END_REF][START_REF] Jenssen | Peptide antimicrobial agents[END_REF][START_REF] Craik | The future of peptide-based drugs[END_REF][START_REF] Gordon | A review of antimicrobial peptides and their therapeutic potential as anti-infective drugs[END_REF][START_REF] Parachin | New edge of antibiotic development: antimicrobial peptides and corresponding resistance[END_REF]. Direct killing, growth inhibition, and activation or modulation of the host immune response [START_REF] Steinstraesser | Host defense peptides and their antimicrobial immunomodulatory duality[END_REF][START_REF] Yeung | Multifunctional cationic host defence peptides and their clinical applications[END_REF][START_REF] Hancock | The immunology of host defence peptides: beyond antimicrobial activity[END_REF] has been reported for the different AMPs. Interaction with bacterial membrane leads to membrane destabilization or peptide internalization followed by interaction with intracellular targets [START_REF] Epand | Diversity of antimicrobial peptides and their mechanisms of action[END_REF][START_REF] Nguyen | The expanding scope of antimicrobial peptide structures and their modes of action[END_REF][START_REF] Nicolas | Multifunctional host defense peptides: Intracellular-targeting antimicrobial peptides[END_REF]. Since the interaction with the bacterial membrane is the first step of the interaction, several studies focused on the role of specific amino acid residues in the activity of the peptides. In particular, positively charged residues (Arg and Lys) were shown to be important since they promote electrostatic attraction with the negatively charged bacterial membrane [START_REF] Lohner | Liposome-based biomembrane mimetic systems: Implications for lipid-peptide interactions[END_REF][START_REF] Yeaman | Mechanisms of antimicrobial peptide action and resistance[END_REF]. Through the structure-function analysis of short natural peptides we have shown that their antimicrobial activity depends on the amphipathic character, the net positive charge and the propensity to adopt α-helical conformation in hydrophobic solvent [START_REF] D'abramo | Conformational behavior of temporin A and temporin L in aqueous solution: a computational/experimental study[END_REF][START_REF] Coccia | Membrane interaction and antibacterial properties oftwo mildly cationic peptide diastereomers, bombinins H2 and H4,isolated from Bombina skin[END_REF][START_REF] Maisetta | pH-dependent disruption of Escherichia coli ATCC25922 and model membranes by the human antimicrobial peptideshepcidin 20 and 25[END_REF][START_REF] Gianpaolo | P-113peptide: new experimental evidences on its biological activity andconformational insights from molecular dynamics simulations[END_REF][START_REF] Aschi | Folding propensity of anoplin: amolecular dynamics study of the native peptide and four mutatedisoforms[END_REF]. In our previous study, we analyzed a short peptide, Crabrolin, consisting of 13 aminoacids (sequence FLPLILRKIVTAL-NH 2 ), originally found in the venom of European hornet Vespa crabro, with a net positive charge of +2/+3 at neutral pH, rich in hydrophobic amino acids [START_REF] Aschi | Crabrolin, a natural antimicrobial peptide: structural properties[END_REF], previously studied by Argiolas et al. [START_REF] Argiolas | Isolation and characterization of two new peptides, mastoparan C and crabrolin, from the venom of the European hornet, Vespa crabro[END_REF]. In the present work we extended our investigation on two Crabrolin synthetic isoforms whose positive charge was increased (Crabrolin Plus, FLPKILRKIVRAL-NH 2 ) or decreased (Crabrolin Minus, FLPLILFWIVTAL-NH 2 ) in order to gain further insights on the role of the net positive charge in interacting with bacterial cell membrane. To synthesize the Crabrolin Plus mutant, Lysine vs. Leucine and Arginine vs. Threonine were chosen, in order to put two charged residues on the same side of the supposed helix. On the contrary, for synthesis of crabrolin minus mutant, we placed, in the middle of the sequence, Phenilalanine and Tryptophan instead of the usual Alanine by taking into account the bulk of their lateral chains that are much more similar to those of Arginine and Lysine residues present in the original peptide. Since the folding of AMPs is a peculiar step for interaction with the membranes, we describe the structural and functional features of Crabrolin mutated isoforms by focusing on both spectroscopic (CD, NMR) and biological data (leakage of calcein or dextrans from liposomes of different composition). The experimental observations have been subsequently confirmed using MD simulations of both Crabrolin Plus and Crabrolin Minus in water and TFE. Last but not least, microbiological tests were performed to assess in vivo the antimicrobial activity of Crabrolin WT, Crabrolin Plus and Crabrolin Minus, against recommended reference strains. The minimal inhibitory concentration (MIC) of each peptide was detected as the lowest concentration (mg/mL) of the antimicrobial agent able to prevent the visible growth of bacteria, inoculated at a known concentration, under defined conditions [START_REF] Wiegand | Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances[END_REF].

Materials and Methods

Chemical reagents

Calcein, Ethylenediaminetetraacetic acid (EDTA), Phosphatidylglycerol (PG), Phosphatidylethanolamine (PE), Cardiolipin (CL), Fluorescein isothiocyanate-dextran-mol wt 4,000 (FITC-D4, MW = 4 kDa), Fluorescein isothiocyanate-dextran-mol wt 20,000 (FITC-D20, MW = 20 kDa), Fluorescein isothiocyanate-dextran-mol wt 70,000 (FITC-D70, MW = 70 kDa) and Lipopolysaccharides from Escherichia coli O111:B4 (LPS) were purchased from Sigma-Aldrich (Milan, Italy). 5-(((4-(4,4-Difluoro-5-(2-Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-yl)phenoxy)acetyl)amino) pentylamine, Hydrochloride (BODIPY-TR-cadaverine) was obtained from Molecular Probes, Inc. (Eugene, OR).

Calcein loaded liposomes

Calcein-entrapping liposomes of different lipid compositions were prepared as previously described [START_REF] Mangoni | Structure-function relationships of temporins, small antimicrobial peptides from amphibian skin[END_REF]. Briefly, 1 mL of a solution of calcein 60 mM in sodium phosphate buffer 50 mM, pH 7.4, containing EDTA 0.1 mM, was co-sonicated with 1 mL of PE/PG 7:3 and CL/PG 4:6 dissolved in chloroform. After that, lipid vesicles were prepared by reverse phase evaporation method [START_REF] Szoka | Procedure for preparation of liposomes with large internal aqueous space and high capture by reversephase evaporation[END_REF]. Untrapped calcein was removed by gel filtration (Sephadex G-50, 1.5×15 cm column, equilibrated and eluted with 50 mM sodium phosphate buffer, pH 7.4, containing 0.1 mM EDTA). The lipid concentration in the separated vesicular fractions was determined by the method of Stewart [START_REF] Stewart | Colorimetric determination of phospholipids with ammonium ferrothiocyanate[END_REF]. Lipid vesicles pre-loaded with calcein were treated with Crabrolin peptides at concentrations ranging from 0.1 to 60 μM in sodium phosphate buffer 50 mM, pH 7.4 containing EDTA 0.1 mM. The release of calcein from liposomes was monitored fluorimetrically on a Perkin-Elmer LS 50 B spectrofluorimeter; excitation and emission wavelengths were 490 nm and 517 nm, respectively. The maximum fluorescence intensity was determined by the addition of 20 μL of a water solution of Triton X-100 (10%, v/v) to the sample containing calcein loaded liposomes. The percentage of calcein released was calculated according to the equation [START_REF] Matsuzaki | Interactions of an antimicrobial peptide, magainin 2, with lipopolysaccharide-containing liposomes as a model for outer membranes of Gram-negative bacteria[END_REF]:

Leakage (%) = 100 × (F -F 0 )/(F t -F 0 ) where F and F t are the intensity of fluorescence before and after the addition of the detergent and F 0 is the fluorescence of intact vesicles.

Dextran loaded liposomes

Dextran loaded vesicles containing the FITC-D of choice (FITC-D4, 20 or 70) were prepared as reported elsewhere [START_REF] Rinaldi | Effects of temporins on molecular dynamics and membrane permeabilization in lipid vesicles[END_REF]. The release of dextran from loaded vesicles upon interaction with Crabrolins, at the same concentrations used for calcein loaded liposomes, was examined fluorimetrically; excitation and emission wavelengths were 494 nm and 520 nm, respectively. In a typical experiment, an aliquot of a solution of Crabrolin in potassium phosphate buffer 50 mM, pH 7.4 and EDTA 0.1 mM, was incubated 10 min with a suspension of dextran loaded vesicles, with a final lipid concentration of 50 μM. The mixture was gently stirred for 10 min in the dark and then centrifuged at 22.500 g for 30 min. The supernatant was recovered, and its fluorescence intensity recorded. The maximum fluorescence intensity was determined by the addition of 20 μL of 10% (v/v) Triton X-100 water solution to the vesicle suspension. The apparent percentage leakage value was calculated as previously described for calcein. All experiments were carried out in triplicate at room temperature.

Minimal inhibitory concentration determination 2.4.1 Cultivation of microbial reference strains.

Recommended reference bacteria strains were used, the Gram ). The reference strains were cultivated in Müeller Hinton Broth (MHB; Liofilchem s.r.l., Italy; 21 g/L). Cultures were incubated overnight at 37 °C in humidified chamber up to 0.5 McFarland (O.D. 600nm = 0.15). Then, each bacterial inoculum was prepared for the assays at the initial density of 1x10 5 CFU/mL. The broth dilution assay of antimicrobial activity was performed according to standard procedure [START_REF] Wiegand | Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances[END_REF]. Every 96-well microtitre plates (Falcon® 96 Well Clear Flat Bottom TC-Treated Culture Microplate), containing 8 columns per 12 rows system of wells, was opened and used under biosafety cabinets in order to avoid cross-contamination among samples, and labeled according to the tested microbial strain.

Peptides preparation

Crabrolin peptides were purchased from Peptide Specialty Laboratories (GmbH, Germany), and purity was assayed by HPLC and mass spectrometry. The purity degree was 98%. 1.2 mg of each peptide was suspended in 1 ml of the proper solvent: Crabrolin WT and Crabrolin Plus peptides were dissolved in sterile distilled water; Crabrolin Minus, unable to be dissolved in polar solvent, was dissolved in: (i) water/ethanol (50%, vol/vol) solution; (ii) 10 mM potassium phosphate buffer solution (K 3 PO 4 ) pH 6.5. Preliminary tests assessed the toxicity of water/ethanol (50%, vol/vol) solution against bacterial cells; thus, antimicrobial susceptibility tests were performed by using 10 mM potassium phosphate (K 3 PO 4 ) pH 6.5 as the buffer solution to dissolve Crabrolin Minus.

Antimicrobial susceptibility test

The broth dilution method, to determine antimicrobial peptide's MIC, was performed according to the standard procedure of Wiegand et al. [START_REF] Wiegand | Agar and broth dilution methods to determine the minimal inhibitory concentration (MIC) of antimicrobial substances[END_REF]. Crabrolin WT, Crabrolin Plus and Crabrolin Minus were tested at an initial concentration of 600 μg/mL, as in previous studies [START_REF] Krishnakumari | Antimicrobial and hemolytic activities of crabrolin, a 13-residue peptide from the venom of the European hornet, Vespa crabro, and its analogs[END_REF]. After dispensing 100 μl of liquid 2X MHB in each well of the microtitre plates, 100 μL of 2X initial peptide solution (1200 μg/mL) were inoculated into the wells of column #1; 100 μL were withdraw from column #1 and added to column #2; the 1:2 serial dilution procedure was repeated up to column #6 from which 100 μL were discarded; 5 μL of each initial bacterial inoculum at the density of 1 × 10 5 CFU/well were then added from column #1 to #6. The last two columns of the multiwell plates were used as controls: column #7, containing MHB and bacteria, was the positive control, while column #8, containing only MHB and the tested peptide, was the broth sterility control. Each test was performed in three replicates, each consisting of one row in the plate. The experiment was performed three times, including the testing of the potential toxic effect of Crabrolin Minus suspension buffer, 10 mM potassium phosphate buffer solution (K 3 PO 4 ), pH 6.5. The plates were covered and incubated overnight at 37 °C. The growth in each well was visually detected as turbidity in the well. No toxicity tests were performed.

Circular Dichroism spectroscopy

Circular dichroism (CD) spectra were collected on a Jasco J600 spectrometer (Jasco Inc., Easton, MD, USA) using a 0.1 cm path cell at 300 K. Data were obtained from 198 to 260 nm at 0.2 nm interval, 20 nm/min speed and averaging over four scans. Spectra were collected by using a sample concentration of 66 μM either in pure water or at different TFE/water (v/v) ratios, ranging from 100 to 0. Since the Crabrolin Minus peptide is poorly soluble in water, only spectra from 40% TFE/water (v/v) ratio are reported. Data are reported as mean residue ellipticity.

CD experiments in the presence of liposomes were carried out in phosphate buffer 10 mM at pH 7.4 on a J1500 spectropolarimeter (Jasco Instruments, Tokyo, Japan). For these experiments, liposomes constituted of POPE/POPG (in a 7:3 molar ratio) were prepared by extrusion with a nominal diameter of 50 nm [START_REF] Bobone | The importance of being kinked: role of Pro residues in the selectivity of the helical antimicrobial peptide P5[END_REF]. The final lipid concentration was estimated using Stewart's phospholipids assay [START_REF] Stewart | Colorimetric determination of phospholipids with ammonium ferrothiocyanate[END_REF]. The signal of the peptide (10 µM) was recorded in a spectral range between 260 and 185 nm (scan speed 20 nm/min, step resolution 1 nm, bandwidth 2 nm, 1 mm path length). CD spectra were collected titrating the peptide with increasing amounts of vesicles, up to a lipid concentration of 200 µM. The conformational change induced by the membrane association was estimated from the variation of the value of the ellipticity at 222 nm.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectra for structural studies were collected on a Bruker Avance 600 MHz, equipped with a cryoprobe. Crabrolin samples consisted of 1 mM peptides in TFE/water solvent (50:50, v/v). For each sample, clean-TOtal Correlated SpectroscopY (TOCSY) (50-ms and 90-ms spin lock times), Nuclear Overhauser Effect Spectroscopy (NOESY) (with mixing times of 150 and 300 ms), and natural abundance 13 C-HSQC spectra were collected performed at a temperature of 298 K. A total of 800 increments were collected for the NOESY and TOCSY data, 256 increments for the natural abundance HSQC spectrum. Data were referenced to DSS and processed with NMRPipe [START_REF] Delaglio | NMRPipe: a multidimensional spectral processing system based on UNIX pipes[END_REF], and spectral analysis was performed with Sparky [START_REF] Goddard | SPARKY 3 (v3.114, Linux)[END_REF] by using the NMRFAM version [START_REF] Lee | NMRFAM-SPARKY: enhanced software for biomolecular NMR spectroscopy[END_REF]. Structure calculations were performed by using CYANA, version 3.97 [START_REF] Güntert | Combined automated NOE assignment and structure calculation with CYANA[END_REF]. For the Crabrolin Plus sample, 112 final NOE peaks form the 150 ms NOESY experiment were used in the last CYANA cycle of calculation (104 short range, |i-j| < =1; 8 medium range, 1 < |i-j| < 5). Additionally, phi and psi angles for 10 residues were obtained by the TALOS software [START_REF] Shen | TALOS+: A hybrid method for predicting protein backbone torsion angles from NMR chemical shifts[END_REF] by using as input the Cα and Cβ chemical shifts.

The final and initial target function values were 0.12 and 37.46, respectively. For the Crabrolin Minus sample, 96 final NOE peaks form the 150 ms NOESY experiment were used in the last CYANA cycle of calculation (86 short range, |i-j| < =1; 10 medium range, 1 < |i-j| < 5). Additionally, phi and psi angles for 11 residues were obtained by the TALOS software [START_REF] Shen | TALOS+: A hybrid method for predicting protein backbone torsion angles from NMR chemical shifts[END_REF] by using as input the Cα and Cβ chemical shifts. The final and initial target function values were 0.16 and 30.42, respectively. Molecular graphics analysis was performed with the UCSF Chimera package [START_REF] Pettersen | UCSF Chimera-a visualization system for exploratory research and analysis[END_REF]. 31 P-NMR spectra of LPS-peptides interaction were collected on a Bruker Avance 700 MHz, equipped with a multinuclear probe, operating at 283 MHz. Samples consisted of 160 µM of LPS from E. coli serotype O111:B4 to which different amount of peptides were added. A single pulse acquisition experiment (Bruker pulse sequence zg) was performed without proton decoupling, with a 30° excitation pulse, 16384 scans and a repetition rate of 3.5 s. FIDs were premultiplied by an exponential function of 30 Hz.

Molecular Dynamics Simulations

MD simulations of Crabrolin Plus and Crabrolin Minus were carried out using the Gromacs program [START_REF] Van Der Spoel | GROMACS: fast, flexible, and free[END_REF].

All the petides were described using the OPLS force field whose details can be found in [START_REF] Jorgensen | Development and testing of the OPLS all-atom force field on conformational energetics and properties of organic liquids[END_REF]. Two different solvents were used: water, described through the Single Point Charge model, [START_REF] Berendsen | Intermolecular Forces Pullmann B Editor[END_REF] and TFE described using the model developed by van Buuren and Berendsen [START_REF] Van Buuren | Molecular dynamics simulation of the stability of a 22-residue alpha-helix in water and 30% trifluoroethanol[END_REF] at 300 K and 1.0 atm of pressure. The trajectories were obtained using the LINCS [START_REF] Hess | LINCS: a linear constraint solver for molecular simulations[END_REF] and the Particle Mesh Ewald [START_REF] Darden | Particle mesh Ewald: an N•log(N) method for Ewald sums in large systems[END_REF] algorithms, in an isochoric/isothermal ensemble obtained with the velocity rescaling thermostat [START_REF] Bussi | Canonical sampling through velocity rescaling[END_REF]. For all the four simulations we adopted the following protocol. The peptide was located at the center of the simulation box, filled with solvent molecules (3362 molecules in the cas of water and 3000 molecules in the case of TFE) in the fully extended conformation. After an initial energy minimization, the system was slowly heated up to 300 K using short (100.0 ps) runs. Subsequently the box dimensions were adjusted in order to reproduce the same average pressure as obtained by simulating at 298 K a pure solvent (water or TFE) box at the proper density as described in [START_REF] Aschi | Photoindiced Electron Transfer in a Dichromophoric Peptide: a Numerical Experiment[END_REF]. The four simulations were extended for 100.0 ns. Due to the limited length of our production runs, our results cannot be considered as an exhaustive conformational analysis of Crabrolin Plus and Crabrolin Minus in the two solvents but, rather, a semi-quantitative evaluation of their tendency to fold in alpha-helix. All the trajectories were analyzed using Essential Dynamics (ED) analysis whose details are reported in [START_REF] Amadei | Essential dynamics of proteins[END_REF]. and here it is only briefly described. For each trajectory the covariance matrix of the backbone atomic positional fluctuations is built and, subsequently, diagonalized producing an orthonormal set of eigenvectors defining a new set of generalized coordinates along which the peptide fluctuations occur. The trace of the covariance matrix provides us with a direct measure of the extent of peptide fluctuation. The M eigenvectors with the largest eigenvalues, i.e. with the largest associated fluctuation (large amplitude motions) allow to define the essential M-dimensional subspace onto which the trajectory is projected. From the obtained projection, it is possible to easily identify the conformations sampled by the peptides and, hence, it might be relatively straightforward to concisely compare the conformational space spanned by the three investigated systems.

Results

Calcein leakage assay in liposomes of different composition

The membrane-permeabilizing ability of Crabrolins was investigated by measuring the release of the fluorescent markers from liposomes of different composition. Phosphatidylethanolamine (PE)/phosphatidylglycerol PG (7:3 w/w) and cardiolipin (CL)/phosphatidylglycerol PG (4:6, w/w) liposomes were used to mimic the composition of the plasma membrane of Gram-negative [START_REF] Oursel | Lipid composition of membranes of Escherichia coli by liquid chromatography/tandem mass spectrometry using negative electrospray ionization[END_REF] and Gram-positive bacteria [START_REF] Epand | Lipid domains in bacterial membranes and the action of antimicrobial agents[END_REF], respectively. Multilamellar liposomes were loaded with calcein, whose fluorescence is quenched as the molecules are entrapped within the liposomal vesicles. Any perturbation of liposomal membrane able to induce leakage of the vesicle content can be detected: for example, an increase in fluorescence intensity is correlated to calcein release. As shown in Figure 1A, it can be seen that the concentration of permeabilized liposomes increases when treated with using increasing concentrations of native Crabrolin. The maximum percentage of calcein leakage is reached at 10 µM peptide for PE/PG liposomes and 40 µM peptide for CL/PG liposomes, with almost 90% of permeabilized liposomes. The positive Crabrolin Plus mutant showed an 80% release already at 0,1 µM peptide on PE/PG liposomes. However, a higher concentration (5 µM)

of peptide is required on CL/PG liposomes to observe the same percentage of calceine leakage.

On the contrary, even with a high concentration of the Crabrolin Minus negative mutant, only a light leakage can be observed, reaching a maximum of 40 % loss in both types of liposome compositions.

Dextran loaded liposomes

The ability of Crabrolin and its mutants to cause the release of markers of higher sizes was also assessed. Lipid vesicles were pre-loaded with FITC-D of 4-, 20-or 70 kDa average relative molecular mass and incubated in presence of various Crabrolin peptides. The data in Figure 1B show that both, Crabrolin WT and Crabrolin Plus, caused a size-dependent release of the liposome-entrapped dextrans, although the positive mutant (Crabrolin Plus) appears more active with respect to the wild type. Nevertheless, when liposomes were exposed to 1 µM of either Crabrolin WT and Crabrolin Plus, a release of the probes was observed in presence of the smallest dextrans (D4 and D20), whereas a percentage of dextran-leakage as low as 15-20% was detected when using D70. By contrast, Crabrolin Minus mutant even at the higher concentration (40 µM) did not show any significant dextran leakage. Again, as observed in the calcein leakage, PE/PG liposomes appeared more affected by Crabrolin treatment.

Interaction of peptides with LPS micelles probed by 31 P-NMR

The interaction of Crabrolin with LPS can be conveniently studied by NMR spectroscopy. 

Circular Dichroism studies of Crabrolin isoforms

In order to gain structural information the Crabrolin isoforms, CD studies in the presence of different amounts of H 2 O/TFE mixtures were performed. Such mixtures are known to mimic the hydrophobic membrane and were successfully used to study the structure of wild-type Crabrolin [START_REF] Aschi | Crabrolin, a natural antimicrobial peptide: structural properties[END_REF]. Since Crabrolin Plus is the most active mutants (see below), CD spectra for this mutants were also collected in the presence of liposomes constituted of POPE/POPG (in a 7:3 molar ratio), that mimic the bacterial membrane. The results, reported in Figure 4, indicate that the peptide in the aqueous phase attains a random coil conformation; the changes in the spectral shape indicate that the peptide associates with the membrane, and that the bound fraction undergoes a conformational transition from the coil to the helical structure. However, it has not been possible to observe a complete coil to helix transition within the lipid concentration range investigated. 

NMR studies of Crabrolin isoforms

Since CD studies suggest that both peptides are random coil in water but not in H 2 O/TFE we studied their structure at 50/50 H 2 O/TFE mixture. This composition was chosen since CD studies show that no increase of secondary structure is observed by increasing the TFE content. Furthermore this specific H 2 O/TFE ratio was the same used to study the structure of wild-type Crabrolin. In such way a direct comparison with the natural isoform can be assessed. NMR assignment was performed by using the classical Wüthrich approach [START_REF] Wüthrich | NMR of proteins and nucleic acids[END_REF]. Side chain assignment was further corroborated by 13 C-HSQC collected at natural abundance. The 13 C-HSQC spectrum also provided Cα and the Cβ chemical shifts that were used as input for the TALOS software. NOESY spectra collected at 150 ms mixing times, as well as phi and psi dihedral angles obtained by TALOS [START_REF] Shen | TALOS+: A hybrid method for predicting protein backbone torsion angles from NMR chemical shifts[END_REF], were used for structure calculation by using CYANA [START_REF] Güntert | Combined automated NOE assignment and structure calculation with CYANA[END_REF]. Crabrolin Plus shows a final target function of 0.12, with an average backbone RMSD to mean of 0.21 ± 0.06 Å, and an average heavy atom RMSD to mean of 0.93 ± 0.16 Å. All residues are located in the allowed regions of the Ramachandran plot and no NOE violations are observed. Analysis of phi/psi angles indicates the presence of alpha-helix between residues 3 and 12. A superposition of the 20 structures with lowest target function is reported in Figure 5 (left panel). Structures were displayed with Chimera [START_REF] Pettersen | UCSF Chimera-a visualization system for exploratory research and analysis[END_REF] Crabrolin Minus, on the other hand, shows a final target function of 0.16 with an average backbone RMSD to mean of 0.05 ± 0.01 Å, and an average heavy atom RMSD to mean of 0.25 ± 0.10 Å. All residues are located in the allowed regions of the Ramachandran plot and one NOE violation is observed (0.13 Å). Analysis of phi/psi angles indicates the presence of alpha-helix between residues 3 and 12. A superposition of the 20 structures with lowest target function is reported in Figure 5 (right panel). Both Crabrolin Plus and Crabrolin Minus show the same secondary structure, with α-helix from residue 4 to residue 13. First 3 residues are less structured. It is well known that Proline is a helix-breaker residue. The structures of the mutants are almost identical, r.m.s.d. is 1.1 Ǻ. This indicates the strong propensity of this peptide to form α-helix.

Microbiological analysis

The antibacterial activity of Crabrolin WT, Crabrolin Plus and Crabrolin Minus is summarized in Table I.

The results indicate that Crabrolin WT is moderately active at different extent towards some Gram-positive and Gram-negative species. On the other hand, Crabrolin Plus is 2-8 times more active than Crabrolin WT. Crabrolin Minus, dissolved in the non-toxic K 3 PO 4 buffer, did not show any antimicrobial activity in these experimental conditions. None of the three peptides showed antimicrobial activity against P. aeruginosa ATCC 27853 and P. mirabilis CCUG 26767. 

MIC (μg

Molecular Dynamics Simulations.

As already remarked in the Methods section, the unique goal of this section is to provide a semi-quantitative determination of Crabrolin Plus and Crabrolin Minus tendency to fold in alpha-helix. Further interesting information could be only obtained with simulations much longer than those used in this case and are outside the aim of the present work. Most of the conformational features of the two peptides during the simulations have been obtained using ED analysis. All the details and most of the results of the approach are reported in the Supplementary Information. The ED-based analysis of the backbone fluctuation in all the cases demonstrates that: (i) water enhances the peptide mobility; (ii) Crabrolin Plus is in general much more flexible than Crabrolin Minus (see below); (iii) the conformational landscape spanned by the two peptides can be easily obtained by using only the two coordinates (as usual in the case of small peptides) [START_REF] Aschi | Folding propensity of anoplin: amolecular dynamics study of the native peptide and four mutatedisoforms[END_REF][START_REF] Aschi | Crabrolin, a natural antimicrobial peptide: structural properties[END_REF] obtained by the diagonalization of the covariance matrix, hence forming a plane hereafter termed as the Essential Plane (EP).

According to the previous findings, the most stable conformations of Crabrolin Plus and Crabrolin Minus spanned in the two solvents starting from the fully-extended conformation, can be easily located on the EP by calculating the corresponding probabilities. All the results, reported in the Figures 6 and in the Supplementary Information can be briefly summarized as follows.

(i) both Crabrolin Plus and Crabrolin Minus can be easily fold in alphahelix; (ii) the alpha-helix propensity appears as amplified in TFE wheredifferently from water-we have not observed other conformational features; (iii) the kinetic stability of the alpha-helix (which is at its maximum for Crabrolin Minus in TFE) is increased when the formation of intra-peptide H-bonds is not in competition with other effects, such as the peptide polarity and the formation of peptide-solvent H-bonds, which can reduce the alpha-helix propensity. 

Discussion

There is a huge literature on peptide-membrane interactions as a key step for the antimicrobial action of the majority of AMPs [START_REF] Nguyen | The expanding scope of antimicrobial peptide structures and their modes of action[END_REF]. Electrostatic interactions between negatively charged bacterial membranes and the cationic peptides play a pivotal role during the initial complex formation AMPs -biological/synthetic membrane [START_REF] Yeaman | Mechanisms of Antimicrobial Peptide Action and Resistance[END_REF]. Therefore, the amino acid residues responsible for the positive charge of AMPs have a crucial significance. In this work, the differences in the biological activity and the membrane permeabilization properties, as well as the folding propensity of two mutated forms of Crabrolin, one with increased net positive charge (Crabrolin Plus), the other with null charge (Crabrolin Minus), were investigated. To date, a complete and clear study analyzing different AMPs and correlating their antimicrobial activity, structure and mechanism of action has not yet been reported.

In the current study we showed that all Crabrolin peptides are highly ordered in TFE, with a substantial proportion of the molecules adopting α-helical conformation independently from the value of net positive charge, thus confirming the high propensity for α-helical conformation already suggested in our previous work [START_REF] Aschi | Crabrolin, a natural antimicrobial peptide: structural properties[END_REF].

Previous studies [START_REF] Krishnakumari | Antimicrobial and hemolytic activities of crabrolin, a 13-residue peptide from the venom of the European hornet, Vespa crabro, and its analogs[END_REF] indicated that destruction of helical structure occurs when Proline is moved from position 3 to the center of the sequence. On the contrary, substitution of Proline 3 with Alanine, a helix forming residue, increases the helical content and the antimicrobial activity. Despite this, the Proline to Alanine mutant has a more pronounced hemolytic activity. Taken together, these results indicate the importance of helical structure for the antimicrobial activity as well as the importance of Proline in position 3 to reduce hemolysis. Although native Crabrolin (WT) is considerably less potent than other antibacterial peptides with similar length, Crabrolin Plus displays a significant antimicrobial activity while Crabrolin Minus is not active, thus confirming the key role of the positive charge for interacting with the bacterial membrane.

Our data add new clues to the mechanism of action of Crabrolin. The Crabrolin Minus mutant, indeed, is fully structured in helical conformation but lacks of antimicrobial activity. Crabrolin Plus, on the other hand, possesses full structure and antimicrobial activity, suggesting that a fine balance of charged and hydrophobic residues is necessary to exploit a functional role. As a further proof, NMR solution structure of Crabrolin Plus shows that the charged residues are located on the same face of the helix, favoring the interaction with the bacterial membrane. Thus, our study shows that both charged residues, appropriately located along the sequence, and the propensity to fold in α-helix, to interact with the membrane lipid bilayer, are important factors for the activity of antimicrobial peptides. It has been pointed out that the length of the lipidic model system can affect the secondary structure of the peptide [START_REF] Sani | How membrane-active peptides get into lipid membranes[END_REF], thus suggesting that the length of the peptide is another determinant for the antimicrobial activity.

To increase our knowledge on the role played by the positive charges in the peptide-membrane interaction, we studied the effects of all three Crabrolin peptides induced on the leakage of calcein from liposomes of different composition. In particular, PE/PG liposomes which that mimic the composition of the lipidic layer of Gram-negative bacteria, and CL/PG liposomes that characterize the Gram-positive microbes were tested. As shown in Figure 1A, the results show that only Crabrolin Plus was able to induce a consistent calcein leakage from both types of liposomes. At low concentrations, up to 1 µM peptide, the major effect was caused by Crabrolin Plus, while at higher concentrations Crabrolin WT induced calcein leakage similar to that of Crabrolin Plus. These effects were similar either with PE/PG-and CL/PG liposomes even if calcein leakage appeared more pronounced in PE/PG vesicles. The ability of Crabrolins to induce the release of liposome-entrapped markers of high molecular weight was then investigated. In the light of previous data on calcein leakage, liposomes of PE/PG or CL/PG composition were pre-loaded with FITCdextrans of increasing molecular weight, namely 4-, 20-and 70 kDa and then exposed to the 3 crabrolins. As reported in Figure 1B either Crabrolin WT or Crabrolin Plus caused a size-dependent release of liposome-encapsulated dextrans, with Crabrolin Plus resulting far more active as compared to Crabrolin WT and Crabrolin Minus. A marked release was observed only for dextrans of smaller size (D4 and D20). Again, PE/PG liposomes appeared more affected by Crabrolin treatment.

It has been shown that competition-based experiments with different liposomes may increase the antimicrobial activity of antimicrobial peptides [START_REF] Sani | Dye-release assay for investigation of antimicrobial peptide activity in a competitive lipid environment[END_REF]. Thus, our results are only indicative of the relative efficiency of Crabrolin Plus towards Crabrolin WT.

To further clarify the mode of action of Crabrolin, its interaction with LPS, a specific marker of Gram-negative bacteria, was studied. Figure 2 demonstrates that Crabrolin Plus avidly binds to purified E. coli LPS, while Crabrolin WT has no effect. This suggests that the antimicrobial effect of Crabrolin Plus may occur via interaction with LPS. On the other hand, Crabrolin Plus is able to bind to liposomes mimicking the bacterial membrane, suggesting that LPS is not the only binding site of the peptide. These results agree with antimicrobial assays showing that the peptide is active either towards Gram-negative and Gram-positive bacteria, the latter lacking LPS. On the whole, antimicrobial assays show that Crabrolin Plus peptide interacts likewise with Gram-positive bacteria thus suggesting multiple modes of actions of this peptide. All together, these data demonstrate that Crabrolin Plus is greatly more efficient in interacting and increasing the permeability of bacterial cell membranes, irrespective of their lipid composition. By contrast, Crabrolin Minus that do not possess a net positive charge lacks every of the above described effects. Finally, it must be highlighted that two of the bacterial strains sensitive to Crabrolin Plus have high clinical relevance, e.g. K. pneumoniae and S.

tiphymurium. In recent years, these bacteria became resistant to many antibiotics, thus representing an important threat in nosocomial environments. Although further data are required, this study suggests that Crabrolin, and in particular Crabrolin Plus, might be usefully introduced as antimicrobial agent to limit the spread of infections. However, the enormous variability among bacteria of different strains or even within the same strain still remains an unexplored field [START_REF] Sani | How membrane-active peptides get into lipid membranes[END_REF], although advances in microbiological and molecular techniques have led to improve isolation and functional or structural characterization of bacteria [START_REF] Schleifer | Microbial Diversity: Facts, Problems and Prospects[END_REF]. Hence, the intrinsic microbial variability represents a limit in the determination of a univocal behaviour among Gram-positive and Gramnegative bacteria against a specific antimicrobial compound.

Another interesting result is the preferential interaction of Crabrolin Plus with lipopolysaccharide, LPS, the outer membrane of Gram-negative bacteria. It is well known that LPS released by Gram negative bacteria induces activation of inflammatory pathways resulting in worsening of the disease [START_REF] Cohen | The Immunopathogenesis of Sepsis[END_REF]. The search of compounds to prevent or even to remove the negative effects of LPS is an active research field. A further difficulty arises since different Gram-negative strains possess different molecular details of the LPS structure, albeit the general features are the same. In this context, Crabrolin Plus may represent a potentially useful compound.

  Figure 1 A. Calcein leakage from lipid vesicles induced by increasing Crabrolin concentration. Liposomes containing calcein of different lipid composition were quantified (see Materials and Methods section). Compositions (Figure 1A: PE/PG 7:3; Figure 1B: CL/PG 4:6) are given as mol/mol. Crabolin(WT and mutants) was added to Liposomes (Final lipid concentration 50 µM in 50 mM potassium phosphate/0.1 mM EDTA, pH 7.4) for up to 10 min at room temperature. Calcein release was detected fluorimetrically. The apparent percentage leakage after a 10 min incubation was calculated as 100 x (F-F0) /(Ft-F0), where F and Ft means the fluorescence intensity before and after the addition of the detergent respectively, and F0 represents the fluorescence of intact vesicles. Values are means ± S.E.M. of three independent measurements. * WT PE/PG; □ WT PG/CL; ∆ Crabrolin Plus PE/PG; Crabrolin Plus PG/CL; Crabrolin Minus PE/PG ; Crabrolin Minus PG/CL . B. Effect of Crabrolin (WT and mutants) on release of FITC-D from liposomes. PE/PG (Figure I) and CL/PG (Figure II) liposomes (50 µM final lipid concentration in 2 mL of 50 mM potassium phosphate, 0.1 mM EDTA, pH 7.4) were incubated for 10 min at 20°C with 1 µM WT, 1µM Crabrolin Plus or with 40 µM Crabrolin Minus. The release of the dextran was detected using the spectrofluorimeter. Total disruption of the liposomes was obtained by adding 1% Triton X-100. D4; D20; D70

Figure 2

 2 Figure 2 Interaction of LPS with Crabrolin peptides probed by 31 P-NMR 31 P-NMR spectra of E. coli LPS were collected as reported in Material and Methods. A) Spectra of LPS in the presence of increasing amounts Crabrolin WT. B) Spectra of LPS in the presence of increasing amounts Crabrolin Plus. The LPS to peptide molar ratio are reported in the figure. The small shift of the downfield resonance is attributed to slight pH changes.

Figure 3 Figure 3

 33 Figure3shows the results of CD analysis. The Crabrolin Minus peptide is poorly soluble in water and at low concentration of TFE. In the presence of increasing amounts of TFE both isoforms show a CD profile indicative of formation of alpha-helix structure. Full structure is reached at 50/50 H 2 O/TFE in both cases. The results are similar to the ones obtained in the case of wild-type Crabrolin.

CFigure 4

 4 Figure 4 Circular Dichroism analysis of Crabrolin Plus in membrane mimicking liposomes. Circular Dichroism (CD) spectra in the presence of increasing amounts of POPE/POPG liposomes. Panel A shows the spectrum in the absence of liposomes (continuous line) and in the presence of 200 uM of liposomes (broken line). Panel B reports the changes of the ellipticity at 222 nm (indicative of α-helix formation) at different liposomes concentrations. The curve is drawn as a guide for the eyes.

Figure 5

 5 Figure 5 Solution structure of Crabrolin Plus and Crabrolin Minus peptides.

Figure 6 .

 6 Figure 6. Molecular Dynamics simulation of Crabrolin mutants. A) Most stable conformational states adopted by Crabrolin Plus along the MD simulation in water (100.0 ns). The two axes correspond to the conformational space as obtained from Essential Dynamics analysis, see text. The colored spots indicate the regions of the conformational space effectively sampled during the simulation: regions describing conformational states sampled with higher probability are indicated in red and the regions corresponding to not sampled conformational states are indicated in white (see the not normalized scale of color in the inset located in the right side of the Figure). The most stable conformations have been also pictorially reported.B) Most stable conformational states adopted by Crabrolin Plus along the MD simulation in TFE (100.0 ns). The two axes correspond to the conformational space as obtained from Essential Dynamics analysis, see text. The colored spots indicate the regions of the conformational space effectively sampled during the simulation:

  

  

  The 31 P-NMR spectrum of E. coli LPS contains two well resolved signals. The critical micellar concentration of E. coli LPS is 1.3 µM, thus the NMR spectra, collected at 164 µM, refer to the micellar form of LPS. Figure 2a reports the interaction of Crabrolin WT with LPS and Figure 2b reports the interaction of Crabrolin Plus. Only Crabrolin Plus is able to perturb the micellar state of LPS.

/mL) Gram-negative bacteria

  

					Buffer
		Crabrolin WT	Crabrolin Plus	Crabrolin Minus	[10 mM K3PO4
					pH 6.5]
	E. coli ATCC 25922	300	37.5	> 600	> 600
	P. aeruginosa ATCC 27853	> 600	> 600	> 600	> 600
	P. mirabilis CCUG 26767	> 600	> 600	> 600	> 600
	S. typhimurium LT2	300	75	> 600	> 600
	K. pneumoniae ATCC 13883	> 600	75	> 600	> 600
		Gram-			

positive bacteria Crabrolin WT Crabrolin Plus Crabrolin Minus Buffer [10 mM K3PO4 pH 6.5] B. subtilis ATCC 6633 300

  

			75	> 600	> 600
	S. aureus ATCC 29213	300	300	> 600	> 600
	E. faecalis ATCC 19433	150	37.5	> 600	> 600
	E.faecium ATCC 19434	75	37.5	> 600	> 600

Table 1 .

 1 Minimal inhibitory concentration (MIC) of Crabrolin WT, Crabrolin Plus andCrabrolin Minus observed on the growth of Gram-negative (E. coli ATCC 25922; P.

	aeruginosa ATCC 27853; P. mirabilis CCUG 26767; S. typhimurium LT2; K.
	pneumoniae ATCC 13883) and Gram-positive (B. subtilis ATCC 6633; S. aureus 29213;
	E. faecalis ATCC 19433; E. faecium ATCC 19434) bacteria. The potential toxic effect

of Crabrolin Minus solvent was also tested. Each MIC value reported in the table is the average of three independent experiments.
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