Peicho Petkov 
  
Leandar Rositsa Marinova 
email: rosie.marinova@gmail.com
  
Leandar Litov 
  
Elena Lilkova 
  
Frédéric Allemand 
  
Assia Mouhand 
  
Aurélien Thureau 
  
Nathalie Sibille 
  
Nevena Ilieva 
  
Charge-Governed Solvation Behaviour of Novel AMPs

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

Introduction

Antimicrobial peptides (AMPs) are naturally occurring molecules that are released by almost all forms of life as part of the innate immune response of the host [START_REF] Zasloff | Antimicrobial peptides of multicellular organisms[END_REF][START_REF] Ageitos | Antimicrobial peptides (amps): Ancient compounds that represent novel weapons in the fight against bacteria[END_REF]. They are small proteins that consist of less than 100 amino acid residues. AMPs are structurally diverse, adopting α-helical, β-sheet, mixed, extended or cyclic conformations [START_REF] Fjell | Designing antimicrobial peptides: form follows function[END_REF]. Usually, AMPs are cationic, with a net charge ranging from +2e to +9e, and have an amphiphilic nature [START_REF] Jenssen | Peptide antimicrobial agents[END_REF][START_REF] Yount | Emerging themes and therapeutic prospects for anti-infective peptides[END_REF]. AMPs display fast and effective antimicrobial activity against a broad spectrum of both Gram-positive and Gram-negative bacteria, fungi, parasites, some viruses and even cancer cells [START_REF] Ageitos | Antimicrobial peptides (amps): Ancient compounds that represent novel weapons in the fight against bacteria[END_REF][START_REF] Robert | Antimicrobial and host-defense peptides as new anti-infective therapeutic strategies[END_REF][START_REF] Yount | Emerging themes and therapeutic prospects for anti-infective peptides[END_REF]5]. Notably, so far bacteria have not succeeded to develop efficient resistance against their action [START_REF] Guilhelmelli | Antimicrobial development challenges: the various mechanisms of action of antimicrobial peptides and of bacterial resistance[END_REF][START_REF] Mahlapuu | Antimicrobial peptides: An emerging category of therapeutic agents[END_REF]32,[START_REF] Dias De | Cationic antimicrobial polymers and their assemblies[END_REF]. All this makes them a promising alternative to the conventional antimicrobial agents in view of the alarmingly growing number of multi-drug resistant bacterial strains.

Despite their different structure and functions, the interaction of AMPs with the pathogens usually leads to cell lysis, either by disrupting membrane integrity and function, or by translocation and inhibition of important cellular processes and biosynthesis of macromolecules [START_REF] Mahlapuu | Antimicrobial peptides: An emerging category of therapeutic agents[END_REF][START_REF] Haney | Antimicrobial peptides: An introduction[END_REF]. Therefore, the development of bacterial resistance to AMPs requires not just single modifications of Table 1: Novel peptides, isolated from the mucus extract of the garden snail Helix aspersa.

Peptide Sequence

Charge Molecular weight [kDa] p1 KVKDNQWRP +2 1.17 p2 VNVVGGGGGIVGGGIGGGGM 0 1.57 certain receptors, as in the case of conventional antibiotics, but a complete change of the properties of the membrane, which is difficult to achieve. Thus, due to their unique physicochemical properties, broad-spectrum activity, selectivity and low probability of developing resistance to them, AMPs arise as a promising therapeutic alternative to the conventional small-molecule antibiotics [START_REF] Guilhelmelli | Antimicrobial development challenges: the various mechanisms of action of antimicrobial peptides and of bacterial resistance[END_REF]32,[START_REF] Dias De | Cationic antimicrobial polymers and their assemblies[END_REF].

The proper understanding of the antimicrobial action of AMPs is still an open problem [START_REF] Pärn | The antimicrobial and antiviral applications of cell-penetrating peptides[END_REF][START_REF] Sengupta | Toroidal pores formed by antimicrobial peptides show significant disorder[END_REF]. In general, their bactericidal activity results from their interaction with the target bacterial membrane [START_REF] Haney | Antimicrobial peptides: An introduction[END_REF][START_REF] Sengupta | Toroidal pores formed by antimicrobial peptides show significant disorder[END_REF]. However, multiple aspects of this interaction are still controversial, including which is the AMPs biologically active secondary structure, how and when do they adopt it, and what is the AMPs behavior in the bodily liquids prior to attacking the target membrane.

Peptides isolated from mollusks and arthropods exhibit a broad spectrum of antimicrobial activity against various Gram-positive and Gram-negative bacterial strains [START_REF] Zhuang | Identification of candidate antimicrobial peptides derived from abalone hemocyanin[END_REF][START_REF] Li | Molluscan antimicrobial peptides, a review from activity-based evidences to computer-assisted sequences[END_REF][START_REF] Dolashka | Antimicrobial prolinerich peptides from the hemolymph of marine snail rapana venosa[END_REF][START_REF] Dolashka | Antimicrobial activity of peptides from the hemolymph of helix lucorum snails[END_REF][START_REF] Pitt | Antimicrobial properties of mucus from the brown garden snail helix aspersa[END_REF][START_REF] Zhong | A novel cysteine-rich antimicrobial peptide from the mucus of the snail of achatina fulica[END_REF]. Recently, a series of novel proline-and glycine-rich putative AMPs have been identified from the mucus of the garden snail Helix aspersa [START_REF] Velkova | Glycine-rich peptides from cornu aspersum snail with antibacterial activity[END_REF][START_REF] Dolashki | Structure and antibacterial activity of isolated peptides from the mucus of garden snail cornu aspersum[END_REF][START_REF] Ilieva | In silico study on the structure of novel natural bioactive peptides[END_REF][START_REF] Dolashki | Antimicrobial activities of different fractions from mucus of the garden snail cornu aspersum[END_REF]. The snail mucus, known for its antibacterial, antiviral and fungicidal properties, is a complex mixture of a variety of peptides, carbohydrates and other low-molecular weight compounds [START_REF] Velkova | Glycine-rich peptides from cornu aspersum snail with antibacterial activity[END_REF][START_REF] Dolashki | Structure and antibacterial activity of isolated peptides from the mucus of garden snail cornu aspersum[END_REF][START_REF] Dolashki | Antimicrobial activities of different fractions from mucus of the garden snail cornu aspersum[END_REF]. Revealing the specific role of the different components of this mixture will bring us closer to understanding the antimicrobial action of these natural substances and will help design, on this basis, therapeutics with tailored activity. In the present study, we focus on exploring the behaviour of two newly identified AMPs from the mucus fraction with MW ¡ 3 kDa -one with a high (positive) charge and the other neutral -prior to their engagement with the pathogenic membrane. We report our findings, based on long-scale molecular dynamics (MD) simulations of mono-and multicomponent peptide solutions of these two novel AMPs, supported by structural studies by means of CD, SEC-MALS, and SAXS measurements.

Materials and Methods

Input structures

The primary sequences of the investigated peptides [START_REF] Ilieva | In silico study on the structure of novel natural bioactive peptides[END_REF] are presented in Table 1. They are newly isolated, so there is no structural data about them. For developing 3D molecular models as input structures for the subsequent computational studies, the two sequences were generated in completely extended conformations and then subjected to 1 µs folding simulations using molecular dynamics (MD). The simulation protocol is described in section 2.2. The obtained conformations were analysed to define input structures for the simulations of both peptides in concentrated mono-and multicomponent solutions.

The selected equilibrated peptide monomer structures were used to build solutions of multiple peptides in a cubic simulation box. The initial distance between two peptides was 5 nm. 27 monomers were used for the monocomponent solutions, and 25 monomers of p1 and 10 monomers of p2 (ratio 2.5:1) were used in the mixture. Another series of simulations was performed for all three systems at a concentration of 10 mg/mL, the third one being studied in this setup also at a composition ratio 1:1. The resulting simulation boxes and concentrations are given in Table 2.

MD simulation protocol

All simulations were performed with the MD simulation package GROMACS 2016.8 [START_REF] James | Gromacs: High performance molecular simulations through multi-level parallelism from laptops to supercomputers[END_REF]. The CHARMM36 force field was used for parameterization of the peptides [START_REF] Mackerell | Extending the treatment of backbone energetics in protein force fields: Limitations of gas-phase quantum mechanics in reproducing protein conformational distributions in molecular dynamics simulations[END_REF], in combination with the modified TIP3PS water model for the solvent [START_REF] Mackerell | Allatom empirical potential for molecular modeling and dynamics studies of proteins[END_REF]. The peptides were solvated in cubic boxes with a minimal distance to the box walls of 1.2 nm under periodic boundary conditions. Sodium and chlorine ions with a 0.15 mol/l concentration were added to all systems to neutralize their net charge and to ensure physiological salinity of the solution. The systems were energy minimized using the steepest descent with a maximum force tolerance of 10 kJ/(mol nm), followed by short 50 ps position-restraint simulations to equilibrate the solvent. Then 10 ns isothermal-isobaric simulations were performed, in which the temperature was gradually increased to 310 K using v-rescale thermostat [6] with a coupling constant of 0.1 ps and pressure was equilibrated at 1 atm using Parrinello-Rahman barostat [START_REF] Parrinello | Crystal structure and pair potentials: A molecular-dynamics study[END_REF][START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] with a coupling constant of 2 ps. The production MD simulations were also performed in the NPT-ensemble using the same thermo-and barostat parameters. The leapfrog integrator [START_REF] Hockney | Quiet highresolution computer models of a plasma[END_REF] was used with a time-step of 2 fs, while constraints were imposed on bonds between heavy atoms and hydrogens using the PLINCS algorithm [START_REF] Hess | P-lincs: A parallel linear constraint solver for molecular simulation[END_REF]. Van der Waals interactions were smoothly switched off from a distance of 1.0 nm and truncated at 1.2 nm. Electrostatic interactions were treated using the smooth PME method [START_REF] Essmann | A smooth particle mesh ewald method[END_REF] with a direct PME cut-off of 1.2 nm. Neighbour lists were constructed every 10 ps. Each production simulation had a duration of 2 µs. Trajectory frames were recorded every 100 ps.

Umbrella sampling simulations

To estimate the dissociation free energy of charged peptides from the peptide aggregate, we used a series of umbrella sampling (US) simulations. The reaction coordinates ξ 1 , ξ 2 , ξ 3 for three simulation series were defined as the center-of-mass (COM) distance between the aggregate and the three most solvent-exposed p1 peptides that participate in it.

The simulation protocol, developed by Lemkul et al. [START_REF] Lemkul | Assessing the stability of alzheimer's amyloid protofibrils using molecular dynamics[END_REF] was employed for the calculation of the potential of mean force (PMF). Firstly, steered MD (SMD) simulations were performed using the GROMACS pull code in order to generate configurations along each of the chosen collective variables (CVs), whereas the aggregate heavy atoms were kept constrained and the chosen peptide was pulled at a rate 0.01 nm/ps using a harmonic potential with a spring-force constant of 1000 kJ/(mol nm 2 ). SMD trajectory frames were written every ps. Then configurations from the SMD trajectories were selected using a 0.1 nm window. The selected configurations served as starting configurations for the series of 50 US simulations for each CV. 100 ps NPT equilibration simulations were run in each US window and then conformations were collected for 1 ns.

Synthetic data analysis

The MD trajectories were post-processed and analysed using the standard GROMACS post-processing and analysis tools. Secondary structure was assigned by the DSSP algorithm [START_REF] Kabsch | Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded and geometrical features[END_REF]. All structural figures were generated by the visualisation and manipulation package VMD [START_REF] Humphrey | VMD -Visual Molecular Dynamics[END_REF]. The US PMF along each collective variable was obtained using the Weighted Histogram Analysis Method (WHAM) [START_REF] Kumar | The weighted histogram analysis method for free-energy calculations on biomolecules. i. the method[END_REF], as implemented in GROMACS [START_REF] Hub | g wham-a free weighted histogram analysis implementation including robust error and autocorrelation estimates[END_REF]. The Bayesian bootstrap of complete histograms method [START_REF] Hub | g wham-a free weighted histogram analysis implementation including robust error and autocorrelation estimates[END_REF] with 200 bootstraps was used for error estimation of the calculated PMF.

Far-UV-Circular Dichroism measurement and analysis

Measurements were realized with a Chirascan V4.5 from Applied PhotophysicsTM at 23°C. Spectra were scanned from 190 to 260 nm with an increment of 0.5 nm and an integration time of 1 s, the pathlength was 10 mm and the bandwidth was 0.5 nm. 350 µL solutions of p1 and p2 peptides were prepared at a concentration of 0.1 mg/mL in 50 mM BisTris pH 6.7, 50 mM NaCl buffer. All peptides were loaded in a quartz cuvette with a light path of 1 mm and the buffer scan signal was subtracted from the corresponding sample scan. Secondary structure analyses were performed using DICHROWEB [START_REF] Miles | Dichroweb, a website for calculating protein secondary structure from circular dichroism spectroscopic data[END_REF], a web interface, calculating protein secondary structure from circular dichroism spectroscopic data. Deconvolutions were done with the CONTINLL algorithm [START_REF] Provencher | Estimation of globular protein secondary structure from circular dichroism[END_REF] using reference data set 4 [START_REF] Sreerama | Estimation of protein secondary structure from cd spectra: Comparison of contin, selcon and cdsstr methods with an expanded reference set[END_REF]. The results were evaluated based on NRMSD -a fit parameter, which is a measure of the difference between the experimental ellipticities and the ellipticities of the back-calculated spectra for the derived structure. It is defined as

N RM SD = (θ exp -θ cal ) 2 /θ 2 exp ,
summed over all wavelengths. For higher concentrated p1 and p2 samples (at 5.5 mg/mL and 5.7 mg/mL respectively), circular dichroism (SRCD) was performed on the DISCO beamline at the synchrotron SOLEIL (Saint-Aubin, France). Spectra were recorded at 25 °C with an integration time of 2 s and a bandwidth of 1 nm with a resolution of 1 nm.

Size-Exclusion Chromatography-Multi Angle Light Scattering (SEC-MALS)

The Size-Exclusion Chromatography-Multi Angle Light Scattering (SEC-MALS) experiment was performed at 25°C using a Superdex Peptide 10/300 GL column (Cytiva T M ) connected to a miniDAWN-TREOS light scattering detector and an Optilab T-rEX differential refractive index detector (Wyatt Technology, Santa Barbara, CA). The column was equilibrated with 0.1 µm filtered 50 mM BisTris pH 6.7, 50 mM NaCl buffer and the SEC-MALS system was calibrated with a sample of Bovine Serum Albumin (BSA) at 1 mg/mL. Samples of 30 µL of p1 and p2 at 10 mg/mL were injected at 0.5 mL/min. Data acquisition and analyses were performed using the ASTRA software (Wyatt T M ).

Small-angle X-ray scattering (SAXS) measurement and analysis

The SAXS data for p1 and p2 was collected at the SWING beamline at the SOLEIL synchrotron, France, equipped with an Eiger 4M detector with a sample-to-detector distance of 2 m [START_REF] Thureau | Biosaxs on the swing beamline at synchrotron soleil[END_REF]. Samples were measured at 15°C and at three concentrations, 2.5 mg/mL, 5 mg/mL and 10 mg/mL, for all peptides, in 50 mM BisTris pH 6.7, 50 mM NaCl and 2 mM DTT buffer. The intensity was measured as a function of the magnitude of the scattering vector, q, according to [START_REF] Blanchet | Small-angle x-ray scattering on biological macromolecules and nanocomposites in Canonical sampling through velocity rescaling[END_REF]:

q = 4π sin θλ
where θ is the scattering angle and λ is the X-ray wavelength. The scattering profiles covered a momentum transfer range of 0.004 ¡ s ¡ 0.56 Å-1 . Data was processed using FOXTROT (SWING beamline software) to automatically select frames corresponding to buffer and sample, and to perform buffer subtraction. The subtracted SAXS curves were analyzed using the Primus tool from ATSAS software package.

3 Results

Peptide monomers in water

The investigated peptides are newly isolated and defined through their amino acid sequences. In the absence of 3D-structure data, folding simulations with a duration of 0.5 |mus, resp. 1 µs were undertaken for both from a completely extended conformation. For the nonapeptide it was to be expected to remain largely unstructured, while with its 20 residues p2 might have formed a specific fold. The simulations did not reveal a preferred conformation for any of the two peptides. Throughout the p2 simulation, a beta bridge was formed occasionally between Val 3 and Ile 10 (Fig. 1a), but as seen in Fig. 1b, on average only 2.8 residues adopted a structured (helix, extended-beta, bridge or turn) conformation. Individual occupancies of the various secondary structures were presented in Suppl. The lack of secondary structure and, consequently, any defined tertiary fold is due to the high glycine content of the p2 peptide. Out of the 20 amino acid residues, 12 are glycines. The occupancy in the Ramachandran plot (Fig. 1c) very closely resembles the all-glycine (ϕ, ψ)backbone angles distribution in [START_REF] Lovell | Structure[END_REF].

Since both peptides did not fold to any well-defined structure, the subsequent simulations were started from a randomly chosen conformation from the folding simulations (Suppl. Fig. S2).

Mono-component peptide solutions

In order to study the behavior of AMPs after their secretion in the bodily fluids (in this case snail mucus) and prior to their interaction with the pathogenic membrane, we performed 1 µs MD simulations of mono-component solutions of 27 p1 or p2 peptides placed on a rectangular lattice with a distance of 5 nm between the monomers.

In both simulations the peptides quickly started to form dimers, trimers and larger oligomers. This was especially true for the p2 solution, where within the first 20 ns of the trajectory all 27 peptides clumped together in one large aggregate. This behaviour is displayed by the blue curve in Fig. 2, which shows the number of monomers, participating in the largest aggregate in the simulation box.

The p2 peptide is very hydrophobic -in addition to the 12 non-polar glycines, it contains four valines, two isoleucines and a methionine, that are among the most hydrophobic amino acids, and just one polar residue, an asparagine. Obviously, the aggregation process of the p2 peptides is entirely governed by the hydrophobic effect.

Interestingly, the p1 peptide, having a more classical AMP sequence and containing both hydrophobic and polar or charged residues, also aggregated. However, in this case the size of the cluster was determined by the balancing out of the hydrophobic effect and the electrostatic repulsion of the charged amino acids. On average, the largest p1 aggregates contained 7 monomers (red curve in Fig. 2). The largest clusters in the two mono-component simulations are shown in Fig. 3. In addition to their size, the two aggregate structures also differ in their den- sity. The p1 cluster is fairly loose, with large distance between the monomers, whereas the p2 cluster is very tightly packed. Upon aggregation, some of the peptides form stable inter-chain secondary structure elements. This tendency is observed both for the short highly charged p1 peptide (Fig. 4a) and for the longer neutral hydrophobic p2 peptide (Fig. 4b). On average, within the last 150 ns of the p1 solution simulation, 17 amino acid residues are in a structured conformation, mainly participating in turns, but also β-bridges and even some β-sheets (Suppl. Fig. S2). The increase in structured residues for the p2 monocomponent solution is mainly due to the formation of βbridges and β-sheets (Suppl. Fig. S3). In the last 150 ns of the p2 solution simulation the average number of the residues per peptide engaged in structures -4.4 (Fig. 4b) -is 57% higher, compared to the p2 monomeric simulation (Section 3.1). Many peptides within the aggregate remain largely unstructured, but some form well-defined and stable β-sheets, that are 5-7 residues long (Fig. 3b and Supp. Fig. S7).

We have collected some experimental data in order to corroborate our simulations. Far-UV CD spectra of p1 and p2 were recorded in order to extract the secondary structure contents of the peptides. Experimental conditions are described in sec. 2.5. Far-UV CD spectra of the peptides at a concentration of 0.1 mg/mL show that they adopt a random coil conformation with a minimum at 198 nm. Furthermore, a shoulder around 220 nm, which is a typical signature of secondary structure contents, is also observed (Fig. 5 and Supp. Fig. S8): for both p1 and p2, the far-UV CD spectra indicate the formation of transient helical (˜5%), extended (˜30%), turns (˜25%) and disordered (˜40%) conformations. A similar secondary structure profile is found at higher concentrations (5.5 mg/mL for p1 and 5.7 mg/mL for p2) as reported in Table 3. These results are consistent with the synthetic data in as far as the lower concentration may be considered a reasonable approximation for the single-monomer solution, sec. 3.1.

Size-exclusion chromatograms of both peptides show unique peaks at their respective elution volume (Supp. Fig. S9). The masses derived from MALS analysis are in agreement with the expected theoretical masses (Table 4), demonstrating that the peptides are monomeric and not in an aggregated form in solution at low concentration.

SAXS data was collected in order to probe the overall properties of the peptides in solution. The normalized Kratky representations (Supp. Fig. S10a) of p1 and p2 have no clear maximum and exhibit a monotonic increase along the momentum transfer range, which indicates that the peptides are disordered, in agreement with the simulation data about the small fraction of structureparticipating residues in both monocomponent solutions. The SAXS curves of p1 at the 2.5 to 10 mg/mL are perfectly identical, meaning that the peptide does not present protein concentration dependence until 10 mg/mL (Supp.

Fig. S10b). A slight phenomenon of repulsion is observed in solution (small decrease of the curves at low q). The SAXS curves of p2 at 2.5 and 10 mg/mL do not perfectly superimpose, exhibiting a slight aggregation which is more pronounced at 10 mg/mL. The curves difference is most likely due to the greater presence of aggregates in the more concentrated sample. In Table 5 the results of Guinier's analysis of the initial part of the curve (qR g ¡ 1.1, where q is the momentum transfer and R g is the radius of gyration) for both p1 and p2 are shown.

The size of aggregates of the p2 peptide cannot be extracted from the available data. However, SAXS data shows that p1 does not undergo aggregation process in this range of concentration, while for p2 some aggregates are observed at all investigated concentration. Table 5: Radius of gyration and the respective I(0) values for p1 and p2 as obtained from the SAXS data.

mg/mL 10 mg/mL R g [ Å]

I(0) R g [ Å] I(0) p1 6.64 ± 0.02 0.0075 p2 10.17 ± 0.13 0.0016 10.39 ± 0.05 0.0055

Multicomponent peptide solution

The peptides p1 and p2 investigated in this study were isolated from the lightest fraction of the Helix aspersa mucus [START_REF] Dolashki | Structure and antibacterial activity of isolated peptides from the mucus of garden snail cornu aspersum[END_REF][START_REF] Ilieva | In silico study on the structure of novel natural bioactive peptides[END_REF]. It is worth pointing out that the peptides are not secreted as monomers, but as part of a multicomponent mixture of peptides, carbohydrates and various other low-molecular weight compounds (acids, salts, etc.) [START_REF] Trapella | Helixcomplex snail mucus exhibits pro-survival, proliferative and pro-migration effects on mammalian fibroblasts[END_REF]. Taking this into account, we performed an MD simulation of a mixture of the two studied peptides. The solution contained 25 p1 and 10 p2 peptides, placed randomly on a lattice with a minimal distance between the peptides of 5 nm, as well as counter-ions to neutralize the whole system. The simulation duration was 1 µs.

The peptide aggregation that was observed in the mono-component solutions simulations also takes place in this multicomponent system. The evolution of the largest-cluster size during the simulation is shown in Fig. 2 (the green line). On average, after convergence of the simulation, the largest aggregate in the mixed solution has an intermediate size with its 16 monomers when compared to the two mono-component solutions. However, this cluster contains nine of the ten hydrophobic p2 peptides in the box, so its size might be an artifact of the simulation setup.

Initially, p2 peptides form dimers and trimers. They quickly associate with p1 monomers, forming small oligomers. This process is followed by the hydrophobiceffect driven aggregation of the tri-and tetramers into a nonamer. About 50 ns later nine p2 monomers have associated into the largest cluster. In the following hundred nanoseconds the aggregate recruits a few more p1 monomers and its size stabilizes.

A representative conformation of the largest p1+p2 aggregate is shown in Fig. 6. Unsurprisingly, the nine highly hydrophobic p2 monomers (presented in pink in Fig. 6a) form a large lump that is relatively uniformly covered by seven p1 peptides (in cyan in Fig. 6a). With its hydrophobic core and hydrophilic surface the aggregate has the classical structure of a globular protein (Fig. 6b).

The aggregation-driven folding, observed in the monocomponent solutions simulations, that was especially noticeable in the p2 solution is also present in the p1+p2 mixture. The number of structured amino acid residues increases steadily from about 45 to 58±9 in the last 200 ns of the simulation (Suppl. Fig. S4), primarily due to an increase in the number of residues participating in β- turn and β-sheets (Suppl. Fig. S5). This more modest increase in the structure content is due to the lower number of p2 peptides in the aggregates (due to the lower total number of p2 peptides in the system) when compared to the mono-component p2 solution simulation. The structured aa residues are mainly from p2 peptides, but three of the seven p1 peptides in the aggregate also participate in relatively stable short β-sheets (Suppl. Fig. S11).

Once this large 16-mer mixed aggregate forms, it remains stable throughout the rest of the simulation. To quantitatively assess its stability, we performed US simulations. Based on the behavior of the p2 peptides in the mono-component solution simulation, we did not expect any of the highly hydrophobic p2 monomers to dissociate from the cluster. If any peptides were prone to leave the aggregate, that would be p1 peptides due to the electrostatic repulsion from other p1 monomers potentially overcoming the attraction due to the hydrophobic effect. The dissociation free energy of the most solvent exposed and hence least strongly associated to the cluster p1 monomers is an appropriate indicator for the aggregate's stability. To estimate it, the PMF was calculated along three independent collective variables ξ 1 , ξ 2 , ξ 3 , defined as the COM distance between the respective p1 monomer and the aggregate, as represented in Fig. 7.

The respective histograms of the configurations within the US windows and the PMF along each of the three CVs are shown in Fig. 8. As is evident from the histograms, the whole range of variation of the three CVs are well explored, the windows have proper overlapping and there are no undersampled regions. The estimated from the PMFs dissociation free energies are respectively G 1 dissoc = 15.3 ± 0.6 kcal/mol, G 2 dissoc = 24 ± 0.5 kcal/mol, and G 3 dissoc = 17.1 ± 0.9 kcal/mol. These are fairly high values with respect to the thermal fluctuation in the system (k B T ∼ 0.6kcal/mol at T=300K). Therefore, the mixed p1+p2 aggregates are very stable and their spontaneous depolymerization is not expected because of the high energetic barrier for it to take place.

Discussion

The leading advantage of AMPs over conventional antibiotics is their high cellular selectivity due to their cationic and amphiphilic nature. The AMPs cationic nature allows them to bind electrostatically to the negatively charged lipids in the bacterial membranes, while their amphiphilic character helps them to get inserted into the amphiphilic lipid bilayer, inducing pores or translocating into the intracellular space [START_REF] Li | The structure-mechanism relationship and mode of actions of antimicrobial peptides: A review[END_REF]. This mechanism appears to be well understood, but many aspects remain unclear, including the AMPs' behavior in solution, in which they are secreted, transported, and exert hemolytic activity. Currently, most MD studies of AMPs use as initial configurations peptide monomers near the bacterial bilayer (i.e., starting with S-state). However, AMPs are not released as monomers in solution, but are part of multicomponent secretory fluids, exhibiting certain biological activity. The snail mucus is composed of a large variety of peptides, carbohydrates, salts and other low-molecular weight compounds [START_REF] Trapella | Helixcomplex snail mucus exhibits pro-survival, proliferative and pro-migration effects on mammalian fibroblasts[END_REF]. In [START_REF] Velkova | Glycine-rich peptides from cornu aspersum snail with antibacterial activity[END_REF][START_REF] Dolashki | Structure and antibacterial activity of isolated peptides from the mucus of garden snail cornu aspersum[END_REF][START_REF] Dolashki | Antimicrobial activities of different fractions from mucus of the garden snail cornu aspersum[END_REF] it was shown that the lightest peptide fraction of the mucus of the garden snail Helix aspersa with molecular weight 1-10kDa displayed antimicrobial activity.

Even though cationic AMPs are the most common AMPs, neutral and even anionic AMPs do exist. While according to the AMP database [START_REF]Antimicrobial peptide database[END_REF][START_REF] Wang | APD3: the antimicrobial peptide database as a tool for research and education[END_REF] there are over 2893 cationic AMP entries, at least 190 neutral and 196 anionic peptides have been identified so far. There is experimental evidence that a positive charge is not required for the antimicrobial activity of some AMPs [START_REF] Contreras | Recombinant afusinc, an anionic fungal csαβ defensin from aspergillus fumigatus, exhibits antimicrobial activity against gram-positive bacteria[END_REF]. In fact, in some fungal species more than 70% of the putative CSαβ defensins carry net negative or neutral charges under pH 7.0 [START_REF] Wu | New fungal defensin-like peptides provide evidence for fold change of proteins in evolution[END_REF]. A large amount of the identified in the He-lix aspersa mucus antimicrobial peptides are not cationic [START_REF] Velkova | Glycine-rich peptides from cornu aspersum snail with antibacterial activity[END_REF][START_REF] Dolashki | Structure and antibacterial activity of isolated peptides from the mucus of garden snail cornu aspersum[END_REF][START_REF] Dolashki | Antimicrobial activities of different fractions from mucus of the garden snail cornu aspersum[END_REF][START_REF] Ilieva | In silico study on the structure of novel natural bioactive peptides[END_REF]. This data raises the question of the role that the non-cationic peptides play in the antimicrobial secretions in different species. This motivated us to explore the interaction of multiple peptides in solution, modelling their behaviour in the antimicrobial fluids (in this case -the snail mucus), right after secretion and prior to their interaction with the pathogenic membranes. Selecting a putative neutral AMP as a test sample, we also aimed at addressing the role of the neutral AMPs in the antimicrobial action of the mixtures and their interaction with cationic peptides.

We have previously demonstrated on the example of magainin and bombinin H2 that the secondary structure of monomeric AMPs in solution is not stable and they usually adopt a conformation that is not the most favorable for exerting their biological activity [START_REF] Petkov | Computational study of solution behavior of magainin 2 monomers[END_REF][START_REF] Petkov | Self-association of antimicrobial peptides: A molecular dynamics simulation study on bombinin[END_REF]. Other linear AMPs were also shown to self-associate in water solution [START_REF] Marinova | Molecular dynamics study of the solution behaviour of antimicrobial peptide indolicidin[END_REF][START_REF] Petkov | Self-association of antimicrobial peptides: A molecular dynamics simulation study on bombinin[END_REF] in large nano-sized clusters. In recent years, more and more studies have focused on selfassembling AMPs, which form nanostructures that can exhibit distinct physicochemical properties from their single molecular components and extend their applications in many fields. The resultant AMPs systems are fully biocompatible and biodegradable and demonstrate high antimicrobial activity without compromising biological safety over mammalian cells [START_REF] Chaitanya | Short self-assembling cationic antimicrobial peptide mimetics based on a 3,5-diaminobenzoic acid scaffold[END_REF][START_REF] Teixeira | Nanomedicines for the delivery of antimicrobial peptides (amps)[END_REF][START_REF] Shen | Biomembrane induced in situ self-assembly of peptide with enhanced antimicrobial activity[END_REF]. While this is not necessarily true for all AMPs, amphiphilic peptides are prone to self-assembly and able to form micelles, vesicles, fibrils, and nanotubes, depending on peptide length, distribution of hydrophobicity and charge, nature of charged groups and counterions [START_REF] Dehsorkhi | Selfassembling amphiphilic peptides[END_REF][START_REF] Cui | Self-assembly of peptide amphiphiles: From molecules to nanostructures to biomaterials[END_REF][START_REF] Sun | Self-assembled peptide nanomaterials for biomedical applications: promises and pitfalls[END_REF]. In addition, we previously demonstrated that this aggregation process drives a significant portion of the peptide chains to permanently transition to their biologically active conformation prior to attacking the bacterial membrane by providing the necessary amphypathic environment mimicking the membrane-solvent interface [START_REF] Petkov | Self-association of antimicrobial peptides: A molecular dynamics simulation study on bombinin[END_REF].

Here, we used two putative AMPs isolated from the lightest fraction of the mucus of Helix aspersa in order to perform an in silico study of a model multicomponent AMP mixture. The peptide monomers in both the mono-and the multicomponent solutions quickly (in the nanosecond range) start to self-associate into clusters. Aggregation allows for an increase in the number of interpeptide hydrogen bonds, which promotes the formation of new and stabilizes already formed secondary structure elements. The size and properties of the aggregates depend on the composition of the solution, but in general, similarly to globular proteins, they consist of a non-polar hydrophobic core and exposed to the solvent charged and polar residues.

In addition, it should be noted, that the CD spectra were taken in a BisTris buffer known for its pronounced aggregation-suppression behaviour. As proposed in [START_REF] Petkov | Self-association of antimicrobial peptides: A molecular dynamics simulation study on bombinin[END_REF], in the process of cluster formation, aggregation-driven folding that substantially increases not only the peptides' local concentration, but also the fraction of peptides embarking on the target membrane in a biologically functional conformation takes place. In the BisTris buffer, this process is impeded, which, in conjunction with the gradual crowding provoked by the concentration increase, might even lead to a decrease in the detected structured content.

It is not clear which components of the snail mucus are responsible for its antimicrobial activity. In the model multi-component system, the neutral p2 peptide monomers form the hydrophobic core of the cluster, while the cationic p1 monomers remain solvent-exposed on its surface. There are two possible scenarios for the role of the non-cationic peptides. In the first one, the noncationic peptides may not directly possess antibacterial activity. In this case our results suggest that they act as a system for the cationic peptides, delivering a high local concentration of them to the pathogenic membrane. In the second scenario, the non-cationic peptides might also have antimicrobial properties. It is highly unlikely that an anionic or even uncharged hydrophobic peptide would spontaneously target negatively charged pathogenic membranes. So we hypothesize that in this case they use the cationic peptide coating of the clusters as a navigation system that is electrostatically attracted by the negatively charged phospholipids in the bacterial membranes. Once delivered to the bilayer, the hydrophobic effect drives the interaction between the non-cationic peptides and the hydrophobic tails of the lipids.

Regardless of the scenario, we propose that the soformed structures provide the perfect transport systemlocking the hydrophobic uncharged residues in the core of the cluster prevents the interaction with the eukaryotic membranes with lower surface charge density, and positioning the charged residues on the cluster surface enables for electrostatic interaction with the bacterial surface (Sstate). In addition, the peptide folding, promoted by the amphiphilic structure in the aggregates, allows for a sufficiently high local concentration of AMPs to be delivered to the target membrane in a functionally active conformation.
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 1 Figure 1: a Secondary structure; b Number of amino acid residues in any secondary structure element; c Ramachandran plot of the p2 monomer in water.
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 23 Figure 2: Maximal cluster size for the three peptide solution simulations .

Figure 4 :

 4 Figure 4: Number of amino acid residues, participating in any secondary structure element in the mono-component a p1 and b p2 peptide solution simulation.

Figure 5 :

 5 Figure 5: Far-UV CD spectra of (A) p1 and (B) p2 at 0.1 mg/mL and 23°C.

Figure 6 :

 6 Figure 6: Largest aggregates in the multicomponent p1+p2 solution simulation. a Cartoon representation according to the peptide type -p1 monomers are in cyan, p2 monomers are in pink; b Surface representation according to residue type -basic residues are in blue, acidicred, polar -green and non-polar -white.

Figure 7 :

 7 Figure 7: Peptide trajectories along the collective variables ξ 1 (blue), ξ 2 (red), and ξ 3 (green) used in the umbrella sampling simulations. The p1 peptides are coloured in cyan, and the p2 peptides are in pink.

Figure 8 :

 8 Figure 8: Histograms (upper panel) and potential of mean force (lower panel) for the three umbrella sampling simulations.
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 : Figure: S4. Number of amino acid residues in various types of secondary structures in the p2 solution simulation.

Figure: S5 .

 S5 Figure: S5. Number of amino acid residues, participating in any secondary structure element in the multicomponent p1+p2 solution simulation.
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 : Figure: S6. Number of amino acid residues in various types of secondary structures in the mixed p1+p2 solution simulation.

Figure: S7 .

 S7 Figure: S7. Secondary structure of the peptides in the p1 monocomponent solution simulation.

Figure: S8 .

 S8 Figure: S8. Secondary structure of the peptides in the p2 monocomponent solution simulation.

Figure :

 : Figure: S9. Far-UV CD spectra of (a) p1 and (b) p2 at 5.5 mg//mL, resp. 5.7 mg/mL. Experimental data is represented in green, reconstructed data in blue and the difference -in pink. The normalized root mean square deviation (NRMSD) values are respectively of 0.054 and 0.066.

Figure: S10 .

 S10 Figure: S10. Light scattering chromatogram of p1 (red) and p2 (blue). The molar mass is determined by MALS and the molar mass variation of each peptide is represented by a solid line inside the corresponding chromatogram peak. SEC-MALS data has been measured at 25 °C.

Figure: S12 .

 S12 Figure: S12. Secondary structure of the peptides in the p1+p2 mixed solution simulation.

Table 2 :

 2 Simulations setup.

	Peptide type # Monomers	Box dimensions [ Å3 ]	Concentration [mg/mL]
	p1	27	80.7 × 89 × 130.7	55.8
	p2	27	110.7 × 114.3 × 123.8	44.9
	p1	27	173.7 × 173.7 × 173.7	10.0
	p2	27	191.6 × 191.6 × 191.6	10.0
	p1+p2	25+10	163.31 × 163.31 × 163.31	11.1 & 6.0

Table 3 :

 3 Secondary structure contents extracted from Far-UV CD spectra of p1 and p2 at a concentration of 5.5 mg/mL. Regular (1) and distorted (2) alpha helix or beta strand, turns and unordered regions. NRMSD normalized root mean square deviation.

	Peptide Helix 1 Helix 2 Strand 1 Strand 2 Turns Unordered Total NRMSD
	p1	0.006	0.056	0.202	0.123	0.229 0.385	1.001 0.054
	p2	0.003	0.055	0.186	0.117	0.233 0.406	1.000 0.066
	Table 4: Molar mass comparison of p1 and p2 peptides.		
	The theorical molar masses were calculated with Prot-		
	param tool from Expasy Swiss Bioinformatics Resource		
	PortaL The experimental molar masses were determined		
	by SEC-MALS using Light scattering chromatograms an-		
	alyzes with ASTRA software (Wyatt T M ).				
	Theoretical	Experimental			
	molar mass (kDa) molar mass (kDa)			
	p1	1.17	1.2 ± 2.3%			
	p2	1.57	1.5 ± 1.2%			
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