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Abstract. Antimicrobial peptides (AMPs) are
regarded as a promising alternative to con-
ventional antimicrobials, but their mechanism
of action is not completely understood. Us-
ing long-scale molecular dynamics simulations,
we investigate the behavior of two newly iso-
lated AMPs from the Helix aspersa mucus frac-
tion with molecular weight (MW) below 3 kDa
in mono- and multicomponent solutions, prior
to their engagement with the pathogenic mem-
brane. In both instances, the peptide monomers
form clusters consisting of a non-polar hy-
drophobic nucleus surrounded by charged and
polar residues exposed to the solvent. We con-
sider the so-formed structures to be the ideal
transport and coalescence system – locking the
hydrophobic uncharged residues in the clus-
ter core prevents interaction with the eukary-
otic membranes, while solvent exposed charged
residues enable electrostatic interaction with
the bacterial surface. In addition, the am-
phiphilic structure of the aggregates promotes
peptide folding, which increases the local con-
centration of AMPs delivered to the target mem-
brane in a functionally active conformation.

*Correspondence: rosie.marinova@gmail.com

1 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 [57, 3].
They are small proteins that consist of less than 100 amino
acid residues. AMPs are structurally diverse, adopt-
ing α-helical, β-sheet, mixed, extended or cyclic con-
formations [16]. Usually, AMPs are cationic, with a
net charge ranging from +2e to +9e, and have an am-
phiphilic nature [25, 56]. AMPs display fast and effective
antimicrobial activity against a broad spectrum of both
Gram-positive and Gram-negative bacteria, fungi, para-
sites, some viruses and even cancer cells [3, 18, 56, 5].
Notably, so far bacteria have not succeeded to develop
efficient resistance against their action [17, 35, 32, 7].
All this makes them a promising alternative to the con-
ventional antimicrobial agents in view of the alarmingly
growing number of multi-drug resistant bacterial strains.

Despite their different structure and functions, the in-
teraction 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
[35, 19]. Therefore, the development of bacterial resis-
tance to AMPs requires not just single modifications of
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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 antibi-
otics, but a complete change of the properties of the mem-
brane, which is difficult to achieve. Thus, due to their
unique physicochemical properties, broad-spectrum ac-
tivity, selectivity and low probability of developing re-
sistance to them, AMPs arise as a promising therapeutic
alternative to the conventional small-molecule antibiotics
[17, 32, 7].

The proper understanding of the antimicrobial action of
AMPs is still an open problem [38, 45]. In general, their
bactericidal activity results from their interaction with the
target bacterial membrane [19, 45]. However, multiple
aspects of this interaction are still controversial, including
which is the AMPs biologically active secondary struc-
ture, 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 var-
ious Gram-positive and Gram-negative bacterial strains
[59, 29, 12, 11, 43, 58]. Recently, a series of novel
proline- and glycine-rich putative AMPs have been iden-
tified from the mucus of the garden snail Helix aspersa
[53, 13, 24, 14]. The snail mucus, known for its antibac-
terial, antiviral and fungicidal properties, is a complex
mixture of a variety of peptides, carbohydrates and other
low-molecular weight compounds [53, 13, 14]. Reveal-
ing the specific role of the different components of this
mixture will bring us closer to understanding the antimi-
crobial 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.

2 Materials and Methods

2.1 Input structures
The primary sequences of the investigated peptides [24]
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 concen-
trated mono- and multicomponent solutions.

The selected equilibrated peptide monomer structures
were used to build solutions of multiple peptides in a cu-
bic simulation box. The initial distance between two pep-
tides was 5 nm. 27 monomers were used for the mono-
component 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.

2.2 MD simulation protocol
All simulations were performed with the MD simulation
package GROMACS 2016.8 [2]. The CHARMM36 force
field was used for parameterization of the peptides [34],
in combination with the modified TIP3PS water model
for the solvent [33]. The peptides were solvated in cu-
bic boxes with a minimal distance to the box walls of
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Table 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

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 en-
sure 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 [39, 40] with a
coupling constant of 2 ps.

The production MD simulations were also performed
in the NPT-ensemble using the same thermo- and baro-
stat parameters. The leapfrog integrator [21] was used
with a time-step of 2 fs, while constraints were imposed
on bonds between heavy atoms and hydrogens using the
PLINCS algorithm [20]. Van der Waals interactions were
smoothly switched off from a distance of 1.0 nm and trun-
cated at 1.2 nm. Electrostatic interactions were treated
using the smooth PME method [15] 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.

2.3 Umbrella sampling simulations

To estimate the dissociation free energy of charged pep-
tides from the peptide aggregate, we used a series of um-
brella sampling (US) simulations. The reaction coordi-
nates ξ1, ξ2, ξ3 for three simulation series were defined
as the center-of-mass (COM) distance between the aggre-
gate and the three most solvent-exposed p1 peptides that
participate in it.

The simulation protocol, developed by Lemkul et al.
[28] was employed for the calculation of the potential of
mean force (PMF). Firstly, steered MD (SMD) simula-
tions 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 nm2). SMD
trajectory frames were written every ps. Then configu-
rations 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 col-
lected for 1 ns.

2.4 Synthetic data analysis

The MD trajectories were post-processed and analysed
using the standard GROMACS post-processing and anal-
ysis tools. Secondary structure was assigned by the DSSP
algorithm [26]. All structural figures were generated by
the visualisation and manipulation package VMD [23].
The US PMF along each collective variable was ob-
tained using the Weighted Histogram Analysis Method
(WHAM) [27], as implemented in GROMACS [22]. The
Bayesian bootstrap of complete histograms method [22]
with 200 bootstraps was used for error estimation of the
calculated PMF.
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2.5 Far-UV-Circular Dichroism measure-
ment 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 pep-
tides 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 [37], a web inter-
face, calculating protein secondary structure from circular
dichroism spectroscopic data. Deconvolutions were done
with the CONTINLL algorithm [44] using reference data
set 4 [47]. The results were evaluated based on NRMSD
– a fit parameter, which is a measure of the difference be-
tween the experimental ellipticities and the ellipticities of
the back-calculated spectra for the derived structure. It is
defined as

NRMSD =
∑√

(θexp − θcal)2/θ2exp,

summed over all wavelengths.
For higher concentrated p1 and p2 samples (at 5.5

mg/mL and 5.7 mg/mL respectively), circular dichro-
ism (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.

2.6 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
(CytivaTM ) connected to a miniDAWN-TREOS light
scattering detector and an Optilab T-rEX differential re-
fractive 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 (WyattTM ).

2.7 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 dis-
tance of 2 m [51]. 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 [4]:

q = 4π sin θλ

where θ is the scattering angle and λ is the X-ray wave-
length. The scattering profiles covered a momentum
transfer range of 0.004 ¡ s ¡ 0.56 Å−1. Data was pro-
cessed 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

3.1 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 Val3 and
Ile10 (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.
Fig. S1.
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(a)

(b) (c)

Figure 1: a Secondary structure; b Number of amino acid residues in any secondary structure element; c Ramachan-
dran plot of the p2 monomer in water.

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 [31].

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

3.2 Mono-component peptide solutions

In order to study the behavior of AMPs after their secre-
tion 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, partici-
pating 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 po-
lar or charged residues, also aggregated. However, in this
case the size of the cluster was determined by the bal-
ancing 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-

5



Figure 2: Maximal cluster size for the three peptide solu-
tion simulations

.

(a) (b)

Figure 3: Largest aggregates in the mono-component a
p1 and b p2 peptide solution simulation. Different colours
correspond to different peptide monomers.

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 pep-
tide (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 mono-
component solution is mainly due to the formation of β-
bridges 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 simula-
tion (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 condi-
tions 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 disor-
dered (˜40%) conformations. A similar secondary struc-
ture 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 rea-
sonable 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 over-
all properties of the peptides in solution. The normal-
ized Kratky representations (Supp. Fig. S10a) of p1 and
p2 have no clear maximum and exhibit a monotonic in-
crease along the momentum transfer range, which indi-
cates that the peptides are disordered, in agreement with
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(a) (b)

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.

Table 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 (WyattTM ).

Theoretical Experimental
molar mass (kDa) molar mass (kDa)

p1 1.17 1.2 ± 2.3%
p2 1.57 1.5 ± 1.2%

the simulation data about the small fraction of structure-
participating residues in both monocomponent solutions.
The SAXS curves of p1 at the 2.5 to 10 mg/mL are per-
fectly identical, meaning that the peptide does not present
protein concentration dependence until 10 mg/mL (Supp.

Fig. S10b). A slight phenomenon of repulsion is ob-
served in solution (small decrease of the curves at low q).
The SAXS curves of p2 at 2.5 and 10 mg/mL do not per-
fectly 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 (qRg

¡ 1.1, where q is the momentum transfer and Rg is the
radius of gyration) for both p1 and p2 are shown.

The size of aggregates of the p2 peptide cannot be ex-
tracted 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.
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(a) (b)

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

Table 5: Radius of gyration and the respective I(0) values
for p1 and p2 as obtained from the SAXS data.

2.5 mg/mL 10 mg/mL
Rg[Å] I(0) Rg[Å] I(0)

p1 6.64 ± 0.02 0.0075
p2 10.17 ± 0.13 0.0016 10.39 ± 0.05 0.0055

3.3 Multicomponent peptide solution

The peptides p1 and p2 investigated in this study were iso-
lated from the lightest fraction of the Helix aspersa mu-
cus [13, 24]. It is worth pointing out that the peptides are
not secreted as monomers, but as part of a multicompo-
nent mixture of peptides, carbohydrates and various other
low-molecular weight compounds (acids, salts, etc.) [52].
Taking this into account, we performed an MD simula-
tion of a mixture of the two studied peptides. The solu-
tion 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 com-
pared to the two mono-component solutions. However,
this cluster contains nine of the ten hydrophobic p2 pep-
tides 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 hydrophobic-
effect driven aggregation of the tri- and tetramers into a
nonamer. About 50 ns later nine p2 monomers have as-
sociated into the largest cluster. In the following hun-
dred nanoseconds the aggregate recruits a few more p1
monomers and its size stabilizes.

A representative conformation of the largest p1+p2 ag-
gregate 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 hy-
drophobic core and hydrophilic surface the aggregate has
the classical structure of a globular protein (Fig. 6b).

The aggregation-driven folding, observed in the mono-
component solutions simulations, that was especially no-
ticeable 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-
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(a) (b)

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

Figure 7: Peptide trajectories along the collective vari-
ables ξ1 (blue), ξ2 (red), and ξ3 (green) used in the
umbrella sampling simulations. The p1 peptides are
coloured in cyan, and the p2 peptides are in pink.

turn and β-sheets (Suppl. Fig. S5). This more modest
increase in the structure content is due to the lower num-
ber 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 struc-
tured 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 re-
mains stable throughout the rest of the simulation. To
quantitatively assess its stability, we performed US sim-
ulations. Based on the behavior of the p2 peptides in
the mono-component solution simulation, we did not ex-
pect any of the highly hydrophobic p2 monomers to dis-
sociate 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 poten-
tially overcoming the attraction due to the hydrophobic ef-
fect. The dissociation free energy of the most solvent ex-
posed 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 ξ1, ξ2, ξ3, 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 his-
tograms, 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
G1

dissoc = 15.3 ± 0.6 kcal/mol, G2
dissoc = 24 ± 0.5

kcal/mol, and G3
dissoc = 17.1 ± 0.9 kcal/mol. These are

fairly high values with respect to the thermal fluctuation
in the system (kBT ∼ 0.6kcal/mol at T=300K). There-
fore, 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.

4 Discussion
The leading advantage of AMPs over conventional antibi-
otics 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 in-
tracellular space [30]. This mechanism appears to be well
understood, but many aspects remain unclear, including
the AMPs’ behavior in solution, in which they are se-
creted, transported, and exert hemolytic activity.
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Figure 8: Histograms (upper panel) and potential of mean force (lower panel) for the three umbrella sampling simu-
lations.

Currently, most MD studies of AMPs use as initial con-
figurations peptide monomers near the bacterial bilayer
(i.e., starting with S-state). However, AMPs are not re-
leased as monomers in solution, but are part of multi-
component 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 [52]. In [53, 13, 14] it was shown that
the lightest peptide fraction of the mucus of the garden
snail Helix aspersa with molecular weight 1–10kDa dis-
played antimicrobial activity.

Even though cationic AMPs are the most common
AMPs, neutral and even anionic AMPs do exist. While
according to the AMP database [1, 54] there are over 2893
cationic AMP entries, at least 190 neutral and 196 anionic
peptides have been identified so far. There is experimen-
tal evidence that a positive charge is not required for the
antimicrobial activity of some AMPs [8]. In fact, in some
fungal species more than 70% of the putative CSαβ de-
fensins carry net negative or neutral charges under pH
7.0 [55]. A large amount of the identified in the He-

lix aspersa mucus antimicrobial peptides are not cationic
[53, 13, 14, 24]. This data raises the question of the role
that the non-cationic peptides play in the antimicrobial se-
cretions in different species.

This motivated us to explore the interaction of mul-
tiple 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 mix-
tures 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 favor-
able for exerting their biological activity [41, 42]. Other
linear AMPs were also shown to self-associate in wa-
ter solution [36, 42] in large nano-sized clusters. In re-
cent years, more and more studies have focused on self-
assembling AMPs, which form nanostructures that can
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exhibit distinct physicochemical properties from their sin-
gle 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 [50, 49, 46]. While this
is not necessarily true for all AMPs, amphiphilic pep-
tides are prone to self-assembly and able to form mi-
celles, vesicles, fibrils, and nanotubes, depending on pep-
tide length, distribution of hydrophobicity and charge, na-
ture of charged groups and counterions [10, 9, 48]. In ad-
dition, we previously demonstrated that this aggregation
process drives a significant portion of the peptide chains
to permanently transition to their biologically active con-
formation prior to attacking the bacterial membrane by
providing the necessary amphypathic environment mim-
icking the membrane–solvent interface [42].

Here, we used two putative AMPs isolated from the
lightest fraction of the mucus of Helix aspersa in or-
der to perform an in silico study of a model multi-
component 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 inter-
peptide hydrogen bonds, which promotes the formation
of new and stabilizes already formed secondary structure
elements. The size and properties of the aggregates de-
pend 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 [42],
in the process of cluster formation, aggregation-driven
folding that substantially increases not only the peptides’
local concentration, but also the fraction of peptides em-
barking on the target membrane in a biologically func-
tional 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 mu-
cus 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 non-
cationic 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 mem-
branes. 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 hy-
drophobic tails of the lipids.

Regardless of the scenario, we propose that the so-
formed structures provide the perfect transport system –
locking the hydrophobic uncharged residues in the core
of the cluster prevents the interaction with the eukaryotic
membranes with lower surface charge density, and posi-
tioning the charged residues on the cluster surface enables
for electrostatic interaction with the bacterial surface (S-
state). In addition, the peptide folding, promoted by the
amphiphilic structure in the aggregates, allows for a suffi-
ciently high local concentration of AMPs to be delivered
to the target membrane in a functionally active conforma-
tion.
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[25] Håvard Jenssen, Pamela Hamill, and Robert E. W. Han-

cock. Peptide antimicrobial agents. Clinical Microbiology
Reviews, 19(3):491–511, 2006.

[26] Wolfgang Kabsch and Christian Sander. Dictionary
of protein secondary structure: Pattern recognition of
hydrogen-bonded and geometrical features. Biopolymers,
22(12):2577–2637, 1983.

[27] Shankar Kumar, John M. Rosenberg, Djamal Bouzida,
Robert H. Swendsen, and Peter A. Kollman. The weighted
histogram analysis method for free-energy calculations on
biomolecules. i. the method. Journal of Computational
Chemistry, 13(8):1011–1021, 1992.

[28] Justin A. Lemkul and David R. Bevan. Assessing the
stability of alzheimer’s amyloid protofibrils using molec-
ular dynamics. The Journal of Physical Chemistry B,
114(4):1652–1660, 2010.

[29] H. Li, M.G. Parisi, N. Parrinello, M. Cammarata, and
P. Roch. Molluscan antimicrobial peptides, a review from
activity-based evidences to computer-assisted sequences.
Invertebrate Survival Journal, 8:85–97, 2011.

[30] Shuqin Li, Yajie Wang, Zihan Xue, Yanan Jia, Ruilin Li,
Chengwei He, and Haixia Chen. The structure-mechanism
relationship and mode of actions of antimicrobial peptides:
A review. Trends in Food Science & Technology, 109:103–
115, 2021.

[31] Simon C. Lovell, Ian W. Davis, W. Bryan Arendall III,
Paul I. W. de Bakker, J. Michael Word, Michael G. Prisant,
Jane S. Richardson, and David C. Richardson. Structure

15



(a) (b)

Figure: S11. (a) Normalized Kratky plot of p1 (blue) and p2 (red) at 10 mg/mL displaying that there is no return to
the baseline as it would be the case for a fully structured peptide; (b) SAXS curves of p1 at 2.5 mg/mL (light blue)
and at 10 mg/mL (blue), p2 at 2.5 mg/mL (light red) and 10 mg/mL (red). For better visualization of SAXS curves, the
intensities of p2 SAXS curves have been divided by 50.

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

validation by cα geometry: ϕ, ψ and cβ deviation. Pro-
teins: Structure, Function, and Bioinformatics, 50(3):437–
450, 2003.

[32] H. X. Luong, T. T. Thanh, and T. H. Tran. Antimicrobial

peptides - advances in development of therapeutic applica-
tions. Life Sciences, 260:118407, 2020.

[33] A. D. MacKerell, D. Bashford, M. Bellott, R. L. Dun-
brack, J. D. Evanseck, M. J. Field, S. Fischer, J. Gao,
H. Guo, S. Ha, D. Joseph-McCarthy, L. Kuchnir, K. Kucz-
era, F. T. K. Lau, C. Mattos, S. Michnick, T. Ngo,
D. T. Nguyen, B. Prodhom, W. E. Reiher, B. Roux,
M. Schlenkrich, J. C. Smith, R. Stote, J. Straub, M. Watan-
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