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1 Introduction

Since the begging of human history, infectious diseases have posed a threat to mankind. A
number of devastating bacteria caused epidemics and pandemics, including the Plague of
Athens (5" century BC), the Antonine Plague (2" century), the Plague of Justinian (6 century)
and the Black Plague (14™ century) led to the decline of cities and even nations [1]. Even
though the use of antibiotics dates all the way back to ancient Greece, Egypt, China, and the
Roman empire, they have been widely and solely used as the defence against infectious
diseases for the past century, since the revolutionary discovery of penicillin by Sir Alexander
Fleming in 1928 [2-4]. However, shortly thereafter resistance started to emerge leading to the
discovery and development of numerous novel antibiotics during the golden age.
Unfortunately, resistance have been reported to nearly all of them, and with the pipeline being
exhausted for the past decades, bacterial infections have once again become a great threat [2-
4]. In this environment, research into non-conventional antimicrobial agents has intensified,
with a few possible candidates being identified, among which are antimicrobial peptides
(AMPs) [5, 6].

AMPs are described as multifunctional effector molecules, often gene encoded, produced by
almost all organisms (see Figure 1) in which they play a crucial role in the innate non-specific
defence system [4]. Their presence all along the evolutionary scale shows their effectiveness
and significance on combating invading pathogens like fungi, bacteria, enveloped viruses, and
parasites [7].

AMP Source

1.25% . 0,92%
0,40%

6,68%

16,73%

® Animalia = Plantae
Monera = Fungi
® Bacteria ® Other (Archaee,Protista, Virus)

Figure 1 Distribution of natural AMP sources based on sequences in the CAMPr4 database. [8, 9]

AMPs are quite short molecules, consisting usually of 10-100 amino acids, with the majority
of them being shorter than 50 amino acids (see Figure 2). The net charge of different AMPs
varies from -6 to +16, but most of them are cationic with the net charge of about +6. Their
cationic nature is crucial for the initial contact with the negatively charged external leaflet of
the outer membrane and is reported to be important for their selectivity.
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AMP length
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Figure 2 Distribution of AMPs with respect to their number of amino acid residues based on sequences in the
CAMPg4 database. [8, 9]

AMPs may have different secondary structure conformations, mostly a-helical, linear, B-sheet
or hairpin like structures. They carry on average 40-50% of hydrophobic residues arranged so
that the folded peptide adopts an amphipathic structure. Amphipathicity, or the formation of
topologically distinct hydrophobic and polar regions, is an extremely important property of
AMPs, and is crucial in designing new AMPs. Helicity is also reported to play an important
role in AMP activity, as well as AMP length and solubility [10-14].

Several modes of action are proposed for AMPs (Figure 3), but can be generally classified into
two [14-16]:

1. Direct membrane activity by forming a barrel-like (alamethicin and pardaxin) or
toroidal (magainin 2, melittin) pore or by breaking down the membrane into small areas
induced by accumulation of peptides on the surface (LL-37).

2. Translocation trough the membrane into the cell where AMPs inhibit vital intercellular
processes such as biosynthesis (Bac7), protein folding (pyrrhocoricin), cell wall
biosynthesis (human B-defensin), cell division (CRAMP), etc.

It can be said that AMPs interact with the membrane via a two-state model [15]:
1. Binding of the peptide due to electrostatic and then hydrophobic interactions with the
membrane lipids.
2. Creation of the above-mentioned defects in the membrane, which can only be achieved
if the peptide to lipid ratio is high enough.
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Figure 3 Proposed modes of action of AMPs. Figure taken from Nguyen et al. [14]

Research into AMPs employs various methods to provide insights into their structure, function,
and potential applications. Computational modelling stands as a fundamental approach in
predicting peptide structures, their interactions with the cell membrane and potential
mechanisms of action, using computational algorithms and molecular dynamics (MD) [15, 17].
Circular dichroism (CD) spectroscopy is one of the most widely employed technique for
estimating secondary structure of peptides and their conformational changes [11, 18].
Additionally, standard nuclear magnetic resonance (NMR) spectroscopy is used to determine
high-resolution structures in aqueous solutions or detergent micelles, while solid-state NMR
enables investigation of peptide orientation in lipid bilayers [19]. Complementing these
biophysical approaches are biochemical assays, which include minimal inhibitory
concentration (MIC) and minimal bactericidal concentration (MBC) determinations. These
assays provide crucial information for evaluating the potency, spectrum of activity and
potential therapeutic applications of AMPs [11, 18]. Furthermore, peptide synthesis methods,
including solid-phase peptide synthesis and recombinant protein expression, facilitate the
production of peptide variants with altered sequences or post-translational modifications to
enhance their antimicrobial properties or pharmacokinetic profiles [10]. By integrating these
biophysical, biochemical, computational, and molecular biology approaches, researchers can
gain a comprehensive understanding of AMPs structure, function, and therapeutic potential,
paving the way for the development of next-generation antimicrobial agents to combat drug-
resistant infections.

In this thesis, computational methods of molecular dynamic simulations were employed to
investigate the structural stability and potential mode of action of an antimicrobial peptide from
a helminth parasite. Due to their limited representation among all identified AMPs, those
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originating from helminth parasites are often overlooked in drug development discussions.
Parasitism is recognized as a successful survival strategy that has independently evolved
multiple times, contributing significantly to genetic diversity. Parasites have adopted various
strategies to survive, including evading host immune systems and establishing symbiotic
relationships with the host's microorganisms. Due to the adaptability of helminths to different
environments throughout their life cycles, which enables them to modulate the hosts’ immune
responses, AMPs derived from parasites could offer promising leads for drug development, as
they have the potential to be effective against pathogens without being overly toxic [20].
Therefore, we investigate a specific peptide, TSO8 peptide identified in Taenia solium, to bring
more focus on the helminth AMPs and investigate their potential as a novel drug against
infectious diseases.



A. Begi¢: The role of specific structural motifs in mode of action of antimicrobial peptide TSO8 from Taenia solium

2 Methodology

In this work, molecular dynamics simulations were performed on systems containing
antimicrobial peptides, membrane model and solvent. Molecular dynamics simulations are a
powerful computational technique used in various scientific disciplines, such as chemistry,
biophysics, materials science, and drug discovery [17, 21-23]. Simulations can often be used
to address specific questions about the properties of a model system more easily than
experiments on the actual system, as they provide information of individual particle motion as
a function of time. In research these methods go hand in hand, as experimental data is needed
to validate the methodology. Three most common types of applications of simulation methods
in the macromolecular area are [24]:

1. Determining and refining structures from data obtained by experiments, i.e., sampling
the configuration space.

2. Obtaining structural and motional properties of the system at equilibrium, as well as the
values of thermodynamic parameters.

3. Examining the development of the system over time.

Though the first two areas can be examined with other simulation methods, like Monte Carlo
simulations, information about the development of motion in time can only be provided by MD
simulations. At the core of MD simulations for biomacromolecules lies a mathematical
function U (ry, ..., ry) which represents the total potential energy of the N particle system. This
function is an approximation of a true quantum mechanical wavefunction and is dependent not
only on the atomic coordinates r; = (x;, y;,2;), but also on a set of parameters that describe
different interparticle interactions. A combination of this potential function with properly
defined parameters yields a force field. Each force field has its own set of optimized parameters
that define bonded energy term Upyndeq, Nonbonded energy term U, onpondea @nd specific
energy terms Ugyeper [15, 24-27].

The total energy of the system 1s defined as:

Utotal = Ubonded + Unonbonded + Uother 2.1

Upondea = Y Kob—bo)+ > Ko(8 =60+ > Kyl1+costx— o)l 55

bonds angles dihedrals

12 6
Omin,ij Omin,ij
Unonbonded = &ij T'— —2x T‘—
l lj

nonbonded pairs ij

L] ) 23
rij

In equation 2.2, the first sum accounts for stretching of bonds, where b, b, and Kj, represent
bond length, equilibrium bond length and stiffness constant respectively. The second term
accounts for bending of valence angles, where 8, 6, and Ky represent the angle formed by the
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two bond vectors, equilibrium angle and stiffness constant respectively. Both terms evidently
have a form of harmonic potential. The final sum accounts for dihedral or torsional rotations,
which are periodic by nature so are represented by a cosine function, where y and K, represent
the value of dihedrals and the parameter that defines barrier heights respectively, o is the phase
and n defines periodicity. All bounded parameters are usually referred to as internal or
intramolecular [15, 25, 27].
Equation 2.3 represents nonbonded energy which is composed of two parts., the first one being
12
the Lennard-Jones equation I(@) — 2% (@)6], which models attractive dispersion
ij U
and repulsive Pauli-exclusion interactions, and the second being Coulomb’s law modelling the
electrostatic interaction between nonbonded pairs of atoms. &;; is a parameter describing the
potential depth, 7;; is the distance between atoms, 0y, ;; defines the distance at which the LJ
energy is at its minimum, and q; is the charge of the i-th atom. These parameters are usually
referred to as interaction or external parameters. An important note is that nonbonded
interactions involve only pairs of atoms [15, 25, 27].

There is a number of different force fields available, with CHARMM, GROMOS, Amber,
Martini and OPLS being the most widely used force fields for simulations of protein systems.
CHARMM, GROMOS, Amber and OPLS are atomistic models or all-atom (AA) models in
which each atom is explicitly modelled along with its associated parameters [25]. On the other
hand, Martini is a coarse-grained model, that groups multiple atoms into a single interaction
site which represents a group of atoms or a molecular fragment, instead of representing each
atom individually. While this simplified representation of the system comes with a compromise
in accuracy and detail, it has proven to be a valuable approach in probing the spatial and
temporal scales of systems that surpass the capabilities of traditional AA models [28]. Each
force field contains its own set of optimized parameters and specific energy terms U,¢per, and
treat different types of particles differently.

CHARMM, GROMOS and MARTINI for example include an energy term which accounts for
improper dihedral torsion, or out-of-plane distortion [15, 27]:

Uimpropers = z Kimp (p — (100)2 2.4

impropers

where @, @o and K;p,,, represent improper dihedral angle, equilibrium improper dihedral angle

and improper dihedral force constant, respectively.

In addition to that, CHARMM force field also includes an Urey-Bradley angle term, which
describes the interaction of two terminal atoms (1,3) in an angle [15, 26]:

Uy_g = Z Ky_p(ris — 7’1,3;0)2 2.5
i

10
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where 1y 3, 17 3.9 and K_p represent 1,3 atom distance, 1,3 atom equilibrium distance and the
Urey-Bradley dihedral force constant, respectively.

The time evolution of the thermodynamic system, i.e., the macromolecule, composed of N
particles (atoms), is given by Newtonian equation of motion:
dzri
m.
" dt?

=F, ==V, V(ry,ry, .., ry) i=1,..,N 2.6

with m;, r; being the mass and position of the i-th particle respectively, F; being the force
acting on the i-th particle and V(ry, 15, ..., Ty) being the potential energy function, which is
equivalent to equation 2.1. This set of coupled differential equations can be solved by defining
initial conditions for each atom in the system: initial configuration is usually generated by 3D
modelling programs such as QUARK [29] or obtained from databases like Protein Data Bank
(PDB) [30] initial velocities are generated according to the defined temperature, and time steps
are usually between 2 and 4 fs (1 fs= 101 s).

11
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3 Aims and scope of the thesis

Study details around a helminth antimicrobial peptide TSOS8 (see Table 4.1) identified in T
solium, along with its linear analogue, obtained by replacing cysteine residues with alanine
residue, and 5 of its specific fragments. TSO8 lin was selected to elucidate the role of the
disulfide bridge forming between the two cysteine residues. TSO8(1-23) and TSO8(20-39)
were selected to examine the role of N-terminal a-helix and C-terminal coil, respectively.
TSO8(3-39) and TSO8(3-23) were selected to elucidate the role of the aromatic residue
(tryptophan W) at the 2™ position, which is believed to be crucial for the helical stability [31].
Molecular dynamics simulations were performed on all fragments in water and in the vicinity
of a membrane model, to understand the roles of different structural motifs on the stability and
activity of the peptide. TSO8(1-39) was selected to further investigate the association of

peptides in water and on the membrane surface and the role of associations in its mode of
action.

12
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4 Materials and methods

4.1 Previous findings and selection of the peptide and its fragments

This study continues upon the results presented in the master's thesis by Roko Copac [18]. In
said thesis, TSO8 was selected for analysis based on the specificity in predicted structuring,
favourable biophysical properties and considering its uniqueness from the biological diversity
point, in investigation detailly explained in thesis.

The study utilized protein translations from annotated gene models in the 7. solium genome
version Tsolium_Mexico v1. An in-house script was employed to identify potential AMPs by
screening for proteins with characteristics typical of AMP precursors, such as a length less than
200 amino acids and a supported signal peptide for secretion. In the resulting peptides, the
presence of a specific amphipathic a-helix signature associated with antibacterial peptides was
confirmed. Initial identification yielded three candidate peptides, which were further analysed
using BLASTp and tBLASTn searches to identify related peptides. Additional searches were
conducted against the 7. solium genome and transcriptome, and homologous peptides were
sought in other Cestoda species' genomes. The identified peptides were then subjected to
sequence alignment to ensure their validity, with only full-length proteins considered for further
analysis. Amongst these candidates was the focus of this work, TSO8 peptide, for which the
BLASTDp search against non-redundant database resulted in only six peptides with significant
similarity (E-value <0.05) with other sequences, while tBLASTn search against whole genome
shotgun contigs (wgs) database resulted in no similar peptides [18].

TSOS peptide consists of 39 amino acids and has a relatively high net charge of +15.9 at pH
7.0. Linear TSOS8 sequence was obtained by replacing alanine residues, leading to the removal
of the disulfide bonds, and has a net charge of +16.0 at pH 7.0.The peptide charges were
calculated by BACHEM peptide calculator. Several TSO8 fragments were synthesized to
explore the role of glycine followed by tryptophan (GW) at the N-terminal, as well as roles of
both N-terminal and C-terminal domains [18].

Table 4.1 TSOS fragment sequences with defined N- and C-terminals.

Peptide Sequence Length
TSOS8 (1-39) NH3*-GWRRLRRSIRRRIRRIFRKPRRICFPYCPKGPKKGRGDF-COO 39 AA
TSO8 lin NH3*-GWRRLRRSIRRRIRRIFRKPRRIAFPY APKGPKKGRGDF-COO 39 AA
TSO8 (3-39) NH;"-RRLRRSIRRRIRRIFRKPRRICFPYCPKGPKKGRGDF-COO 37 AA
TSOS (1-23) NH;"-GWRRLRRSIRRRIRRIFRKPRRI-CONH, 22 AA
TSO8 (3-23) NH;"-RRLRRSIRRRIRRIFRKPRRI-CONH, 20 AA
TSOS (20-39) CH;CONH-PRRICFPYCPKGPKKGRGDF-COO 20 AA

The study included circular dichroism spectroscopy, determination of antimicrobial activity
towards Gram-negative and Gram-positive strains, toxicity towards human cell lines and
molecular modelling.

13
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Structural analysis using circular dichroism spectroscopy in solutions of different TFE
concentrations (0%-50%) as well as in SDS shows that all candidates are unstructured in
aqueous environment but start forming helical structures as the TFE concentration increases,
in slightly different manor. TSO8(1-39) has the lowest percentage of helical content, 7.2% and
9.2% in solutions with 50% TFE and SDS, respectively. TSO8(3-39) has a slightly higher
helicity, with 13.3% and 16.2% of helical content in 50% TFE and SDS respectively. On the
other hand, N-terminal fragments TSO8(1-23) and TSO8(3-23), have a much higher helicity,
with the former having slightly higher percentage of helical content (32.5% in 50% TFE and
20.9% in SDS) than the latter (28.7% in 50% TFE and 16.2% in SDS), which elucidates the
contribution of GW sequence to the increase in helicity [18].

Antimicrobial activity of the peptides was assessed by determining MIC and MBC values
against both Gram-positive (S. aureus) and Gram-negative (E. coli) bacterial strains. Amongst
the TSO8 fragments, the most potent was TSO8(3-39) and the least potent was TSO8(3-23).
Results suggest that GW sequence might have an effect on potency of shorter fragments, which
can be connected to its contribution to the increase of helical content, since it was explored that
helicity has a high effect on potency [18].

Table 4.2 Antimicrobial activity of TSOS8 fragments (results obtained from [18]).

E. coli S. aureus

Fragment MIC [uM] MBC [uM] MIC [uM] MBC [uM]
TSO8(1-39) 2 2 8 8
TSO8(3-39) 1 1 4 4

TSO8 lin - - - -
TSO8(1-23) 4 4 2 2
TSO8(3-23) 8 8 4 4
TSO8(20-39) - - - -

To assess cytotoxicity of the peptides, MECI1 cells were exposed to increasing peptide
concentrations. TSO8(1-39) was shown to be extremely toxic at higher concentrations. The C-
terminal TSO8(20-39) fragment showed negligible toxicity even at the highest tested
concentration. The rest of the fragments showed toxicity similar to the TSO8(1-39), with the
TSO8(3-39) being the least toxic amongst them, again possibly showing the effect of the GW
sequence on peptide activity [18].

14
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Figure 4 Cytotoxicity assay results for different concentrations of TSO8 fragments against MEC-1 cells (figure
obtained from Copac [18]).

To build upon these results and further analyse the fragments as well as propose potential
models with respect to experimental data, in this thesis, molecular dynamics simulations were
performed on all of them in water and in the vicinity of a membrane model.

4.2 Initial peptide structures

3D models of the initial peptide structures were obtained from Contact-assisted QUARK
(cQUARK) structure predictor which is a method for ab initio protein structure prediction
based on fragment assembly simulations [29, 32]. cQUARK predictor generates 5 models, and
for TSO8(1-23), TSO8(3-23) and TSOS8 lin model 1 was used as the initial structure, as it is
the model with the highest TM score.

It was important to verify that the predicted models for TSO8(1-39), TSO8(3-39) and
TSO8(20-39) include the formation of a disulfide bridge between two cysteine residues. In the
case of TSO8(1-39) and TSO8(20-39), cQUARK successfully generated one out of five 3D
models with sulphur atoms at a distance of about 2.05 A which is the requirement for the
disulfide bridge formation [33]. However, none of the 3D models predicted for TSO8(3-39)
contained the disulfide bridge, which was then incorporated into one using Disulfide by Design
v 2.13 (see Figure 41 in the Appendix) [34, 35].

The Eisenberg 2D hydrophobic moments were calculated using HeliQuest online calculator
[36] to examine the amphipathicity of TSO8(1-39) and TSO8(3-39). The 2D hydrophobic
moment measures amphipathic structure for an ideal a-helix, therefore the results are presented
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only for the a-helical sequence of TSO8(1-39) in Figure 5 and TSO8(3-39) in Figure 6, which
includes residues from 1 through 19 (or 3 through 19). The results indicate an amphipathic
structure for both peptides, with TSO8(1-39) having a slightly higher 2DHM value. The a-
helical segment of TSO8(1-39) has a distinct hydrophobic face, which is absent in TSO8(3-39)
due to the lack of tryptophan (W) residue.

Hydrophobicity (H) Polar residues + Gly Nonpolar residues
(n/%) (n/%)

0.001 13/68.42 6/31.58
Hydrophobic Uncharged residues + Gly Aromatic residues
moment (uH)

0.696 Ser 1, Gly 1 Trp 1, Phe 1
Net charge (z) Charged residues Special residues

11 Lys1, Arg 10 -
Hydrophobic face: LITW I

Figure 5 Properties of TSO8(1-39) a-helical sequence (first 19 residues). Hydrophobic residues are coloured
yellow, polar charged (+) blue, polar uncharged violet, and glycine grey.

Hydrophobicity (H) Polar residues + Gly Nonpolar residues
(n/%) (n/%)
-0.132 12/70.59 5/29-41
Hydrophobic Uncharged residues + Gly Aromatic residues
moment (nH)
0.648 Ser 1 Phe 1
Net charge (z) Charged residues Special residues
11 Lys1, Arg 10 -

Hydrophobic face: none
Figure 6 Properties of TSO8(3-39) a-helical sequence (first 17 residues). Hydrophobic residues are coloured
yellow, polar charged (+) blue and polar uncharged violet.

4.3 Simulation setup

All-atom MD simulations were performed using the Gromacs (Groningen machine for

chemical simulations) 2021.3 package [37] on the supercomputer Bura at University of Rijeka
[38].

4.3.1 Initial conformations

CHARMM-GUI Solution Builder [39, 40] was used to generate initial conformations of single
peptides solvated in water, and CHARMM-GUI Membrane Builder [41, 42] was used to
generate initial conformations of solvated peptides in the vicinity of a membrane model. For
all simulations a CHARMM36m [43] force field was used, and the TIP3 [44] water molecule
model. The simulation boxes for a single solvated protein system were cubic, with sizes fit to
the protein size, maintaining a 2 nm edge distance, and two simulation cases starting from
different velocities were performed.
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Simulation on multiple TSO8(1-39) peptides were also performed in water, to examine possible
aggregations, for which the initial structures were generated using CHARMM-GUI
Multicomponent Assembler [39, 45]. Simulation box was cubic with the side length of 6.026
nm.

To investigate peptide-membrane interaction, the inner bacterial membrane model was used,
whose main lipid components are phosphatidylethanolamine (PE) and phosphatidylglycerol
(PG). The model membrane was built as a negatively charged bilayer consisting of palmitoyl
oleoyl PE (POPE) and palmitoyl oleoyl PG (POPG) in the proportion 3:1 [46], specifically 96
POPE and 32 POPG molecules per layer. Lipid models were obtained from CHARMM-GUI
Individual Lipid Molecule Library [47]. Single solvated peptides were placed on an x-y plane
perpendicular to the membrane surface, about 2 nm above the membrane. A layer of water
molecules, with a minimum 4 nm thickness, was added above and below the peptide-membrane
system, which resulted in approximately 100 molecules of water per lipid.

Furthermore, simulations on multiple TSO8(1-39) peptides with the membrane were performed
in order to investigate their association on the membrane surface and potential pore formation.
Similarly to the systems containing single peptides near the membrane, 6 and 12 TSO8(1-39)
peptides were placed about 2 nm above the membrane surface, perpendicular to each other.
This time, the model membrane consisted of a total of 592 lipids (222 POPE and 74 POPG per
layer) and the layer of water molecules was added with a minimum 5 nm thickness which
resulted with around 120 water molecules per lipid. Also, simulations with a larger number of
peptides having longer sequences can be challenging as described in section 8.2 in the
Appendix.

All systems were neutralized by adding K and CL-ions at a 0.15 M concentration using the
distance ion placing method [44].

4.3.2 Energy minimization and equilibration

Energy minimization of all systems was performed using the steepest descent algorithm.

Solvated peptide systems were equilibrated for 125 ps in the isothermal isochoric (NVT)

ensemble at a temperature of 310 K (or 380 K for the system with 6 peptides), with harmonic
kcal

restraints on peptide backbone (k = 1m) and side chains (k = 0.1 moli\)' Peptide-

membrane systems were equilibrated as per CHARMM-GUI Membrane Builder [41, 42]
recommendation in six steps, with decreasing harmonic restraints (see Table 8.5 in Appendix
The first two steps of the equilibration were carried out in the isothermal isochoric (NVT)
ensemble, and the rest were carried out in the isothermal isobaric (NpT) ensemble. Berendsen

thermostat and barostat were used in all steps, and the temperature was fixed at 310 K (or 380
K).

kcal
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4.3.3 Production

In all simulations, NpT ensemble conditions were imposed by the Nose-Hoover thermostat and
Parrinello-Rahman barostat, with the constants of 1.0 ps for temperature and 5.0 ps for
pressure, and the compressibility of 4.5-107 bar [48, 49]. The Leap-frog integrator was used
with a fixed timestep of 2 fs, and the bonds were handled by the LINCS algorithm [50].
Particle-Mesh-Ewald (PME) method [51] was used to calculate electrostatic interactions with
the Coulomb cutoff at 1.2 nm. Van der Waals cutoff was set at 1.2 nm, with force-switch at 1.0
nm.

Simulation durations were 500 ns, 700 ns, 1 ps and 1.5 ps, depending on the system.

4.4 Analysis

3D hydrophobic moments were calculated for initial and final states of peptides in the
simulations with the membrane, using the 3DHM online calculator [52], which generates the
3DHM vector from the distribution of hydrophobic and hydrophilic sections and from the
charges of each atom [15].

Post-simulation analysis was performed using Gromacs tools: rms, gyrate, helix, mindist,
density, trajectory and clustsize [37]. The rms tool calculates the root mean square deviation,
while gyrate calculates the radius of gyration and helix calculates several properties, one of
which is the helicity percentage over time. The mindist tool calculates the number of contacts
and the minimum distance between a reference group of atoms and a number of other selected
groups. It was used to calculate the number of contacts of hydrophobic and polar residues with
P atoms in membrane lipids, with the distance value under 0.6 nm. The density tool was used
to extract density profiles of P atoms, all peptide atoms, atoms of hydrophobic residues, atoms
of polar residues, atoms of a-helix and atoms of the coil structure. The clustsize tool calculates
the number of clusters that peptides form and the number of peptides in said clusters.

DSSP program [53] was used to generate the secondary structure over simulation time.

Charts were created using Gnuplot 5.4 [54] and Xmgrace [55] programs, and visualisation of
the systems was done by VMD program [56].
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5 Results

5.1 Single peptide in water

Structural stability and roles played by different specific segments of the TSO8 peptide were
investigated through two cases of 500 ns long simulations of a peptide in water solution.

Presentation of the results is according to two groups. The first group comprises of the full
mature TSO8(1-39) peptide, its linear analogue TSOS8 lin, and the full peptide without the
initial GW sequence TSO8(3-39) chosen to assess the influence of the GW sequence and
disulfide bond, while the second group consists of the shorter helical fragment TSO8(1-23),
helical fragment lacking the initial GW sequence TSOS8(3-23) and the coil-like fragment
TOS8(20-39), to compare the behaviour of the N-terminal a-helix and C-terminal coil regions.

5.1.1 Long peptides in water

Figure 7 illustrates the initial conformations and those observed at the 500 ns simulation time
for two simulation cases. TSO8(1-39) displays stability of its N-terminal a-helix during the
simulation time in case 1, where the conformational changes are only present in the
unstructured C-terminal segment. However, in case 2, it exhibits some more structural changes,
showcasing a loss of'its initial helical content to some extent. On the other hand, the full peptide
without the initial GW sequence, TSO8(3-39), demonstrates a lack of stability and loses more
of its initial helical structure at the N-terminal. The linear analogue TSOS8 lin preserves less
structuring of the N-terminal helix compared to TSO8(1-39), but slightly more compared to
TSO8(3-39) during the simulation time of 500 ns. Furthermore, it exhibits more structural
changes in the C-terminal region then both TSO8(1-39) and TSOS8(3-39).
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case 1 case 2
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Figure 7 Snapshots from simulations of single peptide in water, where the initial conformation is shown on the
left and those at the 500 ns simulation time in the middle (case 1) and on the right (case 2) for: a) TSO8(1-39),
b) TSO8(3-39) and ¢) TSOS8_lin. Amino acids are coloured according to their hydrophobicity (polar — blue,
hydrophobic — yellow, glycine - green). Water molecules and ions are not shown for clarity.

DSSP secondary structure analysis confirms the persistence of the N-terminal a-helix of
TSO8(1-39) throughout the 500 ns simulation time in case 1, as presented in Figure 8 a. In
case 2, the peptide exhibits loss of its initial helical structure for the first 7 residues, while still
preserving the rest of it.

Figure 8 b depicts results for TSO8(3-39), which indicate a loss of its N-terminal helical
structure for the first 5 residues from around 30 ns in both cases. In case 1, TSO8(3-39) also
shows loss of the helical structure for the 13th to 16th residues at around 380 ns of the
simulation time. In case 2, this fragment exhibits more structural changes, leading to the
complete loss of its initial helical structure for the last 10 ns. These disruptions correlate with
an increase in RMSD and radius of gyration, as illustrated in Figure 42 and Figure 43 in the
Appendix.

The initial N-terminal helical structure is also preserved for TSO8 lin in case 1, as seen from
Figure 8 c. In case 2, TSO8 lin exhibits more structural changes, especially after 300 ns
simulation time, where it showcases a trend of a-helix unfolding for the C-terminal end but
preserving its initial helicity only for the first 10 residues. However, DSSP predicts the
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formation of B-sheets in both cases, which are more prominent in case 1. This accounts for the
lower values of RMSD and radius of gyration observed compared to TSO8(1-39) (see Figure
42 and Figure 43 in the Appendix). These results suggest that peptides lacking disulfide bonds
exhibit greater flexibility to adopt alternative structural motifs such as B-sheets, implying that
the role of disulfide bonds may be in preserving the C-terminal unstructured configuration.
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Figure 8 DSSP analysis for 500 ns long simulations of single peptides in water, where case | is on the left and
case 2 on the right for: a) TSO8(1-39), b) TSO8(3-39) and ¢) TSOS8_lin.

The trend of peptide behaviour is similar in both cases: TSO8(1-39) once again proves to be
the most stable, while TSO8(3-39) loses more of its initial helical content than both TSO8(1 -
39) and TSOS8_lin.

5.1.2  Short peptides in water

Shorter TSO8 fragments were analysed to further understand the functions of the N-terminal
GW sequence. Figure 9 illustrates the initial conformations and the ones at 500 ns long
simulation. TSO8(1-23) exhibits less stability compared to the full TSO8(1-39) peptide while
still preserving its initial helical structure to some extent. On the other hand, the short fragment
lacking the initial GW sequence, TSO8(3-23) is shown to be extremely unstable, completely
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losing its initial helical structure. Additionally, results are presented for the coil-like fragment
TSO8(20-39), which as expected, does not show any structuring in water.

t=0 ns t=500 ns
case 1 case 2

) ~AANAR e
'\,\ _
i A
L 4
ey
c)

Figure 9 Snapshots from simulations of single peptide in water, where the initial conformation is shown on the
left and those at the 500 ns simulation time in the middle (case 1) and on the right (case 2) for: a) TSO8(1-23), b)
TSO8(3-23) and c) TSO8(20-39). Amino acids are coloured according to their hydrophobicity (polar — blue,
hydrophobic — yellow, glycine - green). Water molecules and ions are not shown for clarity.

DSSP secondary structure analysis confirms that TSO8(1-23) preserves most of its helical
structure in case 1, up to 300 ns, when it loses some of its helical content from both ends, as
depicted in Figure 10 a. In case 2, the fragment exhibits more structural changes from its C-
terminal end, but the N-terminal remains stable for the entire 500 ns simulation time. On the
contrary, from Figure 10 b it can be seen that TSO8(3-23) exhibits the complete loss of its
initial helical structure after less than 200 ns for both performed simulations. The time
evolution for the unstructured TSO8(20-39) in water is presented as well in Figure 10 c.
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Figure 10 DSSP analysis for 500 ns long simulations of single peptides in water, where case 1 is on the left and
case 2 on the right for: for: a) TSO8(1-23), b) TSO8(3-23) and c¢) TSO8(20-39).

5.1.3  Summary of the results for single peptides in water

Initial experiments included simulations of single peptides in water. The simulations were
performed twice for each peptide, starting from different initial conditions. Results show that
the full mature peptide TSO8(1-39) is quite stable in water, with its helicity mostly preserved
during the 500 ns simulation time. TSO8 lin shows to have the N-terminal sequence less
preserved, and possible formations of B-sheet structures, which potentially shows that the lack
of the disulfide bridge gives more freedom for different structural conformations. The results
of both the longer TSO8(3-39) and shorter TSO8(3-23) fragments lacking the GW sequence at
the N-terminal confirm the importance of said sequence in preserving the a-helical structure.
This is in line with results presented by Sato et. al [31], and experimental data presented in the
master thesis by Copac [18].

5.2 Single peptide in the vicinity of the membrane

To examine how TSOS8 antimicrobial peptide interacts with the bacterial membrane, and
potential contributions of the GW sequence, disulfide bridge, N-terminal a-helix and C-
terminal coil to this interaction, simulations were performed placing one single peptide in the
vicinity of the Gram-negative bacterial membrane model. The results are presented following
the same scheme as for peptides in water, and P/L ratio was equal to 1/256 in each case.
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5.2.1 Long peptides near the membrane

Interactions of TSO8(1-39), TSO8 lin and TSO8(3-39) with the membrane were observed
during 1.5 ps long simulations. Peptides were initially placed about 2 nm above the membrane,
as depicted in

Figure 11, and orientated so that the polar and hydrophobic residues were equally distanced
from the membrane. Additionally, TSO8(1-39) was oriented in a way that its unstructured C-
terminal was closer to the membrane then the N-terminal o-helix, which was not the case for
other peptides. However, all peptides showcased the same behaviour in the beginning of the
simulation: the rotation of the N-terminal a-helix, and the contact of its polar residues with the
membrane. The first contact is due to the electrostatic interactions of the positively charged
residues of the a-helix and the negatively charged membrane. However, during the 1.5 us long
simulation, peptides did not exhibit restructuring or deeper entering of the hydrophobic
residues in the membrane. In each case, peptide remained in the polar membrane region during
the simulation time.
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Figure 11 Initial states of peptides near the POPE:POPG membrane model as seen from the side (top) and top
(bottom) for: a) TSO8(1-39), b) TSO8(3-39) and c¢) TSO8_lin. Amino acids are coloured according to their
hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is coloured by residue name
(POPE - silver, POPG - white). Water molecules and ions are not shown for clarity.

Figure 12 illustrates the interaction of TSO8(1-39) with the membrane during the simulation
time and shows how its N-terminal a-helix is preserved and stays in contact with the membrane,
while the unstructured C-terminal remains on the outside of the membrane throughout the
simulation.
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Figure 12 Snapshots from 1.5 ps long simulation of TSO8(1-39) near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c¢) t =1.5 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented
only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.

Figure 13 illustrates the behaviour of TSO8(3-39) during the 1.5 pus long simulation with the
membrane. Similar to TSO8(1-39), it also has its N-terminal a-helix preserved and in contact
with the membrane, but the C-terminal coil does not seem to be surrounding it on the outside
and is slightly contacting the membrane, which can be confirmed from the density profiles of
C-terminal coil shown in Figure 19 and a higher number of contacts compared to the other
fragments shown in Figure 18.
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Figure 13 Snapshots from 1.5 ps long simulation of TSO8(3-39) near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c) t =1.5 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented
only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.

Finally, the behaviour of TSO8 lin during the 1.5 ps simulation, depicted in Figure 14, is
similar to the one observed in the case of TSO8(1-39).

Figure 14 Snapshots from 1.5 ps long simulation of TSO8 lin near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c¢) t =1.5 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented
only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.
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The 3DHMs were calculated in each case for the initial and final (1.5 ps) configurations, as
measures of the amphipathicity of the peptides. The results presented in Table 5.1, Figure 15
and Figure 16, show that 3DHM increases and orients in such way that the vector points away
from the membrane surface. This vector orientation is not favourable for peptide insertion, as
indicated also by the electrostatic potential maps of the peptide surfaces, where blue colour
indicates the positively charged regions. At both the initial and final moment of the simulation,
values of 3DHM and the angle between the 3DHM vector and z axes, are lowest for the full
peptide TSO8(1-39) and highest for TSO8(3-39). This was expected from the visualisation of
the states, since the C-terminal coil of TSO8(3-39) is closer to the membrane leaving the upper
residues of the a-helix open for possible reorientation.

Table 5.1 Absolute values of 3DHM calculated for the initial and final (t=1.5 ps) configurations of TSO8(1-39),
TS08(3-39) and TSOS8_lin for simulations near the membrane. The results were obtained using two different
dielectric constants: for the initial position of the peptide in water, dielectric constant was 78.5, while for the final
position of the peptide at the interface of membrane and water the dielectric constant was 20.0 [15].

Peptide 3DHM at t=0ns [AkT/e] 3DHM at t=1.5us [AkT/e]
TSO8(1-39) 5.350 32.681
TSO8(3-39) 17.589 84.074

TSOS8 lin 10.111 48.814

b)

Figure 15 3DHM calculations where the electrostatic potential map of the peptide surface is shown on the left
(opaque) and in the middle (transparent), and peptide structure with the 3DHM vector is shown on the right for:
a) TSO8(1-39), b) TSO8(3-39) and ¢) TSOS_lin at the initial time of the simulations with POPE:POPG membrane
(not shown for clarity). Peptides are parallel to the membrane surface. Hydrophobic residues are coloured yellow,
polar residues blue and glycine residues green. 3DHM vector is coloured magenta. Positively charged regions of
the electrostatic potential are coloured blue, and negatively charged regions are coloured red.
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b)

Figure 16 3DHM calculations where electrostatic potential map of the peptide surface is shown on the left
(opaque) and in the middle (transparent), and peptide structure with the 3DHM vector is shown on the right for:
a) TSO8(1-39), b) TSO8(3-39) and c) TSOS_lin at the final (1.5 ps) time of the simulations with POPE:POPG
membrane (not shown for clarity). Peptides are parallel to the membrane surface. Hydrophobic residues are
coloured yellow, polar residues blue and glycine residues green. 3DHM vector is coloured magenta. Positively
charged regions of the electrostatic potential are coloured blue, and negatively charged regions are coloured red.

To further examine the behaviour of hydrophobic and polar residues during the simulations,
density profiles were calculated as average for the first and last 100 ns of the simulation and
presented in Figure 17. The results confirm the insertion of the polar residues of all peptides
into the membrane surface, with the hydrophobic residues remaining mostly on the outside of
the membrane. The densities at the beginning and at the end of simulations do not show
significant difference, however, TSO8 lin and TSO8(3-39) seem to enter slightly deeper into
the membrane than TSO8(1-39). The number of contacts between the P atoms of the membrane
lipids and the polar and hydrophobic residues of the peptides were also calculated during the
1.5 pus simulation time. The results presented in Figure 18 again prove that the interaction
between the membrane and the peptides is electrostatic, as the count of the polar residue
contacts with the membrane is far higher than the one for the hydrophobic residues. Among the
peptides, TSO8(1-39) has the lowest count of contacts with the membrane during the
simulation, which was expected due to its C-terminal segment remaining on the outside for the
1.5 us simulation time.
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Figure 17 Density profiles averaged at t=100 ns (left) and t=1.5 ps (right), calculated for P atoms of membrane

lipids as well as polar (blue) and hydrophobic (yellow) residues of TSO8(1-39) (top), TSO8(3-39) (middle) and
TSO8_lin (bottom).

a)

Number of contacts

polar-P
hydrophobic-P

b)

<)

Number of contacts

polar-P ——
hydrophoblc P

polar-]
hydrophobic-P

Number of contacts

02

04 06 038 I

] 02
Time (ps)

0.4

06 0%
Time (us)

T 12 02 04 06 038 I

Time (ps)

12

Figure 18 Number of contacts between P atoms of membrane lipids and hydrophobic (yellow) and polar (blue)
residues calculated for: a) TSO8(1-39), b) TSO8(3-39) and c¢) TSO8 _lin.
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To examine the interaction of peptide with the membrane in more details, the densities were
calculated separately for N-terminal a-helix, which includes the first 19, or in the case of
TSO8(3-39), the first 17 residues and C-terminal coil which includes the rest of the residues.
The results are presented in Figure 19. In each case shifting of the helical part towards the

membrane centre during simulations time is observed, however helices remain in the polar
region.
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Figure 19 Density profiles averaged at t=100 ns (left) and t=1.5 ps (right), calculated for P atoms of membrane

lipids as well as N-terminal a-helix (magenta) and C-terminal coil (orange) residues of: of TSO8(1-39) (top),
TSO8(3-39) (middle) and TSOS_lin (bottom).

Finally, the results of DSSP secondary structure are presented in Figure 20. The persistence of
the N-terminal a-helix during the 1.5 ps simulation time is observed in each case, with TSO8(3-
39) exhibiting some structural changes of the first 8 residues within the first 500 ns of the
simulation. The C-terminal segments of each peptide retain their unstructured nature during the

simulation time, showing no signs of developing alternative structural motifs, such as B-sheets
observed in the case of TSOS8 _lin in water.
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Figure 20 DSSP analysis for peptides throughout the 1.5 ps long simulations with POPE : POPG membrane: a)
TSO8(1-39), b) TSO8(3-39) and ¢) TSOS _lin.

5.2.2  Short peptides near the membrane

To analyse the interaction of shorter fragments with the membrane TSO8(1-23), TSO8(3-23)
and TSO8(20-39) each underwent 1 ps long simulations. Initial positions of the peptides
presented in Figure 21 were again as described in section 5.2.1. The behaviour of both N-
terminal fragments TSO8(1-23) and TSO8(3-23) is similar to that observed in long peptides.
The a-helix swiftly contacts the membrane with its polar residues, while the hydrophobic
residues remain on the exterior. However, while the majority of the a-helix remains stable for
both of these fragments, the ends of the peptides exhibit unfolding, which is confirmed both by
visual inspection and by the DSSP analysis presented in Figure 29. Again, the a-helical
segment of the peptides remains in the polar region throughout the 1 ps simulation, however,
the insertion of the unfolded fractions of both peptides deeper into the membrane is observed.
On the other hand, the C-terminal unstructured fragment TOS8(20-39) showcases a completely
different interaction with the membrane, exhibiting very low affinity for membrane binding.
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Figure 21 Initial states of peptides near the POPE:POPG membrane model as seen from the side (top) and top
(bottom) for: a) TSO8(1-23), b) TSO8(3-23) and c) TSO8(20-39). Amino acids are coloured according to their
hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is coloured by residue name
(POPE - silver, POPG - white). Water molecules and ions are not shown for clarity.

Figure 22 illustrates the interaction of TSO8(1-23) with the membrane during the 1 pus
simulation time. It is evident that the short unstructured segment at the C-terminal of TSO8(1-
23) enters the membrane with the hydrophobic residue. This might be the first step towards the
hydrophobic insertion, which the shorter fragments could potentially exhibit.

a) b) ©)

Figure 22 Snapshots from 1 ps long simulation of TSO8(1-23) near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c) t =1 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented

only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.
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Figure 23 depicts the behaviour of TSO8(3-23) during the simulation time of 1 ps with the
membrane. Again, the insertion of the hydrophobic residue at the C-terminal into the membrane
layer is shown.

Figure 23 Snapshots from 1 ps long simulation of TSO8(3-23) near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c) t =1 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented
only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.

Finally, Figure 24 illustrates the interaction of the C-terminal short fragment TSO8(20-39)
with the membrane during the 1 ps simulation. This fragment exhibits completely different
behaviour than previously seen in all other fragments. It contacts the membrane only with a
few of its residues and shows no insertion even in the polar region of the membrane after 1
us. This is strong evidence that the a-helix structure of the TSOS peptide is crucial for the
peptide contact with the membrane.

Figure 24 Snapshots from 1 ps long simulation of TSO8(20-39) near the POPE:POPG membrane. Side (top) and
top (bottom) view of peptide states at times a) t=100 ns, b) t= 500 ns and c) t =1 ps. Amino acids are coloured
according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented
only by P atoms of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for
clarity.
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The 3DHMSs and the electrostatic potential maps at the peptide surface, were calculated for the
initial and final (1 us) configurations of short peptides. The results demonstrate a similar trend
to that observed for long peptides, with the 3DHM values increasing over the course of the
simulation. However, the results once again confirm that the peptides remain within the polar
region of the membrane, as indicated by the orientation of the vector, which points away from
the membrane surface. TSO8(1-23) exhibits lower values of 3DHM at both moments, as well
as a smaller angle between the 3DHM vector and z axes, compared to TSO8(3-23).

Table 5.2 Absolute values of 3DHM calculated for the initial and final (t=1ps) configurations of TSO8(1-23),
TSO8(3-23) and TSO8(20-39) for simulations near the membrane. The results were obtained using two different
dielectric constants: for the initial position of the peptide in water, dielectric constant was 78.5, while for the final
position of the peptide at the interface of membrane and water the dielectric constant was 20.0 [15].

Peptide 3DHM at t=0 ns [AkT/e] 3DHM at t=1.5 ps [AkT/e]
TSO8&(1-23) 9.724 59.185
TSO8(3-23) 18.821 88.237

TSO8(20-39) 6.096 27.665

b)

Figure 25 3DHM calculations where the electrostatic potential map of the peptide surface is shown on the left
(opaque) and in the middle (transparent), and peptide structure with the 3DHM vector is shown on the right for:
a) TSO8(1-23), b) TSO8(3-23) and c) TSO8(20-39) at the initial time of the simulations with POPE:POPG
membrane (not shown for clarity). Peptides are parallel to the membrane surface. Hydrophobic residues are
coloured yellow, polar residues blue and glycine residues green. 3DHM vector is coloured magenta. Positively
charged regions of the electrostatic potential are coloured blue, and negatively charged regions are coloured red.
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b)

Figure 26 3DHM calculations where the electrostatic potential map of the peptide surface is shown on the left
(opaque) and in the middle (transparent), and peptide structure with the 3DHM vector is shown on the right for:
a) TSO8(1-23), b) TSO8(3-23) and c) TSO8(20-39) at the final (1 us) time of the simulations with POPE:POPG
membrane (not shown for clarity). Peptides are parallel to the membrane surface. Hydrophobic residues are
coloured yellow, polar residues blue and glycine residues green. 3DHM vector is coloured magenta. Positively
charged regions of the electrostatic potential are coloured blue, and negatively charged regions are coloured red.

To further examine the behaviour of hydrophobic and polar residues during the simulations,
density profiles were calculated, as average for the first and last 100 ns of the simulation. The
results presented in Figure 27 confirm that both TSO8(1-23) and TSO8(3-23) exhibit similar
behaviour to the one observed for long peptides. The polar residues shift towards the membrane
centre during the simulation, while the hydrophobic residues remain on the outside, again
confirming the electrostatic nature of the peptide-membrane interaction. Additionally, the
results suggest that TSO8(20-39) also binds to the membrane surface, however the majority of
the peptide remains positioned on the exterior. These observations are confirmed by the
calculation of the number of contacts between the P atoms of the membrane lipids and the polar
and hydrophobic residues of the peptides, presented in Figure 28. Both TSO8(1-23) and
TSO8(3-23) show similar behaviour, with polar residues making more contacts with the
membrane throughout the simulation than the hydrophobic residues, while TOS8(20-39) shows
very few contacts of both regions compared to the rest of the peptides.
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Figure 27 Density profiles averaged at t=100 ns (left) and t=1 ps (right), calculated for P atoms of membrane
lipids as well as polar (blue) and hydrophobic (yellow) residues of: TSO8(1-23) (top), TSO8(3-23) (middle) and

TS08(20-39) (bottom).
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Figure 28 Number of contacts between P atoms of membrane lipids and hydrophobic (yellow) and polar (blue)
residues calculated for a) TSO8(1-23), b) TSO8(3-23) and c¢) TSO8(20-39).
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Structural analysis was again done for short fragments and presented in Figure 29. The a-helical
segments of both TSO8(1-23) and TSO8(3-23) exhibit more structural changes during the 1 ps
simulation time, compared to the longer fragments, but are still mostly preserved.
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Figure 29 DSSP analysis for peptides throughout the 1 ps long simulations with POPE:POPG membrane: (a)
TSO8(1-23), (b) TSO8(3-23) and (c) TSO8(20-39).

5.2.3 Summary of the results for single peptides near the membrane

Simulations of peptides interacting with membrane were performed to examine the mode of
action, and roles of different specific segments of the TSOS8 peptide. It is evident that the first
step in peptide membrane interaction is a-helix insertion into the polar region of the membrane,
where they remain during the simulation. It is important to emphasize that TSOS is a natural
AMP with a more complex structure than most of designed AMPs whose structure is purely o-
helical. Therefore, the dynamics of the peptide membrane interaction are probably more
complicated, or in the least a lot slower. The shorter fragments seem to exhibit a faster process
of insertion, which is to be expected of a mostly a-helical structure, but is not in line with the
experimental data (see Table 4.2 and Figure 4) where the shorter fragments showed less
potency and toxicity compared to the longer ones. This inconsistency might stem from the fact
the experimental results of the peptide activity depend much more on the further steps in the
peptides mode of action, while this work only observes the first contacts with the membrane.
The C-terminal coil has very low affinity for interaction with the membrane, and its role could
not be determined with certainty. It is possible, considering its proline content, that its role in
nature is to protect the helical segment of the peptide against certain proteases [57]. Similar
could possibly be assumed for the role of the disulfide bridge, though the disulfide bridge loop
in TSOS is notably smaller than those previously reported to be serine protease inhibitors [58].
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5.3 Investigation of associations

Several systems containing multiple TSO8(1-39) peptides were analysed to investigate their
tendency to cluster. The initial experiment involved a system containing twelve TSO8(1-39)
peptides in water. Additionally, the behaviour of multiple peptides in the vicinity of the
membrane was tested through three different simulations. The first simulation involved twelve
TSO8(1-39) peptides, while the second and third simulations involved six peptides each,
conducted at different temperatures.

5.3.1 Multiple TSO8(1-39) peptides in water

The experimental results suggested that peptides show strong affinity for associations in water.
Therefore, a simulation of twelve TSO8(1-39) peptides in water was performed in this work.
The visual inspection of the simulation dynamics showed that initially separated peptides,
illustrated in Figure 30 on the left, associate rapidly and at the end of simulation (t=1.5 us),
shown in Figure 30 on the right, form one large cluster.

Figure 30 Initial (left) and final (right) states of twelve TSO8(1-39) after 1.5 ps simulation in water. Amino acids
are coloured according to their hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Peptides are
shown in two representations: secondary structure representation (top) shows the stability of a-helices, while
sticks and balls representation shows all atoms in the peptide for a better understanding of the clustering. Water
molecules and ions are not shown for clarity.
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Cluster size distribution, presented in Figure 31 on the left, indicates that the most favourable
configuration of the system, during the 1.5 pus long simulation, is a cluster containing all twelve
peptides. This is supported by the cluster count presented in Figure 31 on the right, where it
can be seen that all peptides form one cluster after 1.0 ps simulation time, which remains stable
for the rest of the simulation. These results demonstrate the high affinity of peptide associations

in water.
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Figure 31 Cluster size distribution (left) and the number of clusters as a function of time (right) calculated for the
1.5 ps long simulation of twelve TSO8(1-39) peptides in water. The number of clusters is coloured violet, while
the number of peptides in the largest cluster is coloured green.

5.3.2  Multiple TSO8(1-39) peptides in the vicinity of the membrane

To investigate the association of peptides on the membrane surface, and the role of associations
in their mode of action, multiple TSO8(1-39) peptides were placed in the vicinity of the
membrane, which consisted of a total of 592 lipids.

Initially, twelve TSOS8(1-39) peptides were examined through a 700 ns long simulation. The
challenges related to this system are described in detail in section 8.2 of the Appendix. The
initial and final states of this system are illustrated in Figure 32 and Figure 33 respectively. The
visual inspection confirms that peptides once again stay in the polar region of the membrane,
with no observed hydrophobic insertion, as was the case for single peptides.
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Figure 32 Initial state of twelve TSOS8(1-39) peptides in the vicinity of POPE:POPG membrane as seen from the
top (left) and side (right). Amino acids are coloured according to their hydrophobicity (polar — blue, hydrophobic
— yellow, glycine - green). Membrane is coloured by residue name (POPE — silver, POPG - white). Water
molecules and ions are not shown for clarity.
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Figure 33 Final state (t=700 ns) of twelve TSO8(1-39) peptides in the vicinity of POPE:POPG membrane as seen
from the top (left) and side (right). Amino acids are coloured according to their hydrophobicity (polar — blue,
hydrophobic — yellow, glycine - green). Membrane is represented only by P atoms of the upper leaflet (POPE —
silver, POPG - white). Water molecules and ions are not shown for clarity.

The cluster size distribution, presented in Figure 34 on the left, indicates a significant
preference for clusters containing single peptides during the 700 ns simulation time.
Nonetheless, several clusters comprising multiple peptides have also been observed. This
variety in cluster size and number of clusters is also demonstrated by the results in Figure 34
on the right. While certain clustering is evident for this simulation time of twelve peptides, it
is not conclusive whether it arises from the peptides’ inherent tendency to associate on the
membrane surface or from the high concentration of the peptides near the membrane.
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Figure 34 Cluster size distribution (left) and the number of clusters as a function of time (right) calculated for
the 700 ns long simulation of twelve TSO8(1-39) peptides in the vicinity of POPE:POPG membrane. The
number of clusters is coloured violet, while the number of peptides in the largest cluster is coloured green.

To address the uncertainty stemming from these results, a system containing the reduced
number of peptides was investigated. For the next experiment, six peptides were placed near
the same membrane model, containing 592 lipids, and underwent a 1 ps long simulation. The
initial and final states of this system are depicted in Figure 35 and Figure 36 respectively.

i Laak & IR N

Figure 35 Initial state of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the temperature
of 310 K, as seen from the top (left) and side (right). Amino acids are coloured according to their hydrophobicity
(polar — blue, hydrophobic — yellow, glycine - green). Membrane is coloured by residue name (POPE — silver,

POPG - white). Water molecules and ions are not shown for clarity.
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Figure 36 Final state (t=1 ps) of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the
temperature of 310 K, as seen from the top (left) and side (right). Amino acids are coloured according to their
hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented only by P atoms
of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown.
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Figure 37 on the left presents the results of cluster size distribution analysis for this system,
which indicate the highest probability for single-peptide clusters, although clusters containing
multiple peptides can also be observed. This is supported by the cluster count presented in
Figure 37 on the right, where clusters containing two or three peptides are observed towards
the end of the simulation. These results suggest two possible conclusions: either the peptides
lack the tendency to associate on the membrane surface, or the dynamics of their association is
slow enough that it cannot be observed within this simulation timeframe.
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Figure 37 Cluster size distribution (left) and the number of clusters as a function of time (right) calculated for the
1 p long simulation of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the temperature of
310 K. The number of clusters is coloured violet, while the number of peptides in the largest cluster is coloured
green.

Finally, the behaviour of the same system comprising of six peptides near the membrane was
investigated at a higher temperature, specifically 380 K, for the same simulation duration (1
us). As the increase in temperature amplifies the kinetic contributions, such a system should
yield results indicating associations within a shorter simulation time, assuming the peptides do
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have an inherent tendency to cluster. Figure 38 and Figure 39 illustrate the initial configuration
of this system, and the one at the 1 ps simulation time, respectively. Visual inspection suggests
that peptides in fact interact with the membrane separately and confirms that the peptides and
the membrane are much less stable at higher temperatures.

pe B % OE
Figure 38 Initial state of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the temperature
of 380 K, as seen from the top (left) and side (right). Amino acids are coloured according to their hydrophobicity
(polar — blue, hydrophobic — yellow, glycine - green). Membrane is coloured by residue name (POPE — silver,
POPG - white). Water molecules and ions are not shown for clarity.

Figure 39 Final state (t=1 ps) of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the
temperature of 380 K, as seen from the top (left) and side (right). Amino acids are coloured according to their
hydrophobicity (polar — blue, hydrophobic — yellow, glycine - green). Membrane is represented only by P atoms
of the upper leaflet (POPE — silver, POPG - white). Water molecules and ions are not shown for clarity.
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The results of the cluster analysis, depicted in Figure 40, again confirm that single-peptide
clusters have the highest probability of forming, with several multi-peptide clusters also being
observed. These results are similar to those previously obtained for the system at room
temperature, suggesting consistent absence of clustering tendency of the TSO8(1-39) peptides.
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Figure 40 Cluster size distribution (left) and the number of clusters as a function of time (right) calculated for the
1 p long simulation of six TSO8(1-39) peptides in the vicinity of POPE:POPG membrane, at the temperature of
380 K. The number of clusters is coloured violet, while the number of peptides in the largest cluster is coloured
green.

5.3.3 Summary of the peptide association investigation

MD simulations were performed on systems containing multiple TSO8(1-39) peptides, both in
water and in the vicinity of the membrane, aiming to explore their tendency to cluster. The
results indicate a swift association of the peptides in water, forming a singular cluster. However,
no significant clustering phenomenon was observed on the membrane surface. Given that
experimental evidence suggests the importance of peptide associations in their mode of action,
we may propose that the simulation timeframes attainable through the employed method may
not be sufficient for detecting this phenomenon. AA simulations involving multiple peptides
with the membrane are usually challenging, especially in the case of larger peptides such as the
investigated TSOS8, which require a construction of larger systems and consequently more
resources than are readily available. Thus, it can be suggested that a simplified model, such as
CG model, could be useful in achieving longer simulation times potentially required for the
manifestation of significant clustering.
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6 Conclusion

Antibacterial resistance remains a major problem in need of answering in recent decades.
Antimicrobial peptides play an important role in the defence mechanism of almost all
organism, and as such represent a promising alternative to classical antibiotic treatment. An
area that has been underexplored is the study of AMPs produced by helminth parasites. Due to
parasites' ability to adapt to different conditions, these peptides hold promise as potential novel
drugs for combating infectious diseases, that could be effective without causing excessive
toxicity. One such peptide is TSO8, identified in T. solium, which is the focus of this
research. TSO8 peptide contains 39 amino acids, with a net charge of +15.9 at pH 7. It has a
specific structure with its N-terminal being a-helical with initial GW sequence, and its C-
terminal having a coil like structure containing a disulfide bridge. In previous works, the
peptides antimicrobial activity has been tested and it proved to be potent against both Gram-
negative and Gram-positive bacterial strains. To assess the atomistic details of its mode of
action and the roles of its structural motifs, TSO8 peptide and its four specific fragments, along
with a linearized peptide obtained by replacing cysteine residues with alanine, were
investigated through molecular dynamics simulations in various environments.

Firstly, the results of simulations of single peptides in water, show definite evidence of the role
of GW sequence in the stability of the a-helix, which is in line with previous works [31]. Next,
fragments were examined through simulations in the vicinity of a membrane model. The GW
role could not be determined in these simulations, as all initially helical fragments showed
structural stability during the simulation time. The results, however, elucidated the crucial role
of the a-helix, as in all cases the initial contact with the membrane was formed by the helical
segment of the peptide. The simulations of the C-terminal fragment indicate lack of affinity for
membrane; therefore, we may speculate that its role is not directly linked with the peptide
insertion in the membrane, or at less not in the process of the initial binding. We may propose
that its function could be in protecting the a-helical region in another phase of the peptides
mode of action [57].

Additionally, the association of peptides was explored through simulations of multiple
TSOB8(1-39) peptides. Such simulation in water showed their affinity for swiftly interacting and
forming a single cluster. On the other hand, simulations of several peptides in the vicinity of
the membrane showed that the peptides bind to the membrane surface individually, without an
observable affinity for cluster formation. Moreover, peptides do not associate on the membrane
even at higher temperatures and stay in the polar region of the membrane even for long
simulation times.

The results of this work offer an atomistic insight which underscores several important aspects
on the TSO8 peptide structural characterization and its mode of action. However, some results
could not be obtained through the employed method of MD simulations with AA models, and
we propose that further computational investigations should focus on a simplified model to
facilitate longer simulation times with less difficulty, or even employ a new method of steered
MD. Nonetheless, the findings of this work provide a solid foundation for ongoing biological
and biophysical research promising fresh insight into the mode of action of TSO8 and similar
helminth antimicrobial peptides.
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8 Appendix

8.1 Initial structures, systems, and simulation setup

Table 8.1 cQuark predicted models chosen as the initial structures in the simulations, with their C- and TM- scores.

Peptide Model number C - score TM - score
TSO8(1-39) 3 -3.092 0.347 £0.143
TSO8(3-39) 2 -2.650 0.335+£0.137
TSO8 lin 1 -2.276 0.351£0.144
TSO8(1-23) 1 -0.844 0.413 £0.140
TSO8(3-23) 1 -1.044 0.404 £0.144
TSO8(20-39) 5 -3.355 0.304 £0.115
3-D VIEWS Right-click on model for more options
Original Mutant

Save Mutant PDB

(® Cartoon Wireframe (®) Cartoon Wireframe
B show disulfide bonds B show disulfide bonds
COPY ORIENTATION >> << COPY ORIENTATION

Figure 41 Addition of the disulfide bridge to model 2 of TSO8(3-39) using Disulfide by design program.
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Table 8.2 System size and properties for one peptide in water simulations.

Fragment Water K*ions Cl ions Box dimensions ()
molecules
TSOS8 (1-23) 14126 40 54 77x77x77
TSOS8 (1-39) 14486 41 57 78x 78 x78
TSOS8 (3-23) 15888 45 59 80x 80 x 80
TSO8 (3-39) 14018 40 56 T7x77x77
TSO8 (20-39) 9253 26 30 67x67x67
TSO8 lin 13470 38 54 76x76x76

Table 8.3 System size and properties for peptide with POPE:POPG membrane (P/L=1/256).

Water

Fragment K*ions Cl ions Box dimensions (A)
molecules
TSO8 (1_23) 25138 117 67 87,343 x 87,343 x 147,283
TSO8 (1_39) 26388 118 70 87,343 x 87,343 x 152,373
TSOS8 (3_23) 25035 117 67 87,343 x 87,343 x 146,956
TSO8 (3_39) 25998 117 69 87,343 x 87,343 x 150,942
TSOS8 (20_39) 25162 127 67 87,343 x 87,343 x 147,132

TSO8 (lin) 26159 118 70 87,343 x 87,343 x 151,381




A. Begi¢: The role of specific structural motifs in mode of action of antimicrobial peptide TSO8 from Taenia solium

Table 8.4 Size and properties of systems containing several TSO8(1-39) peptides.

f
Numberof ) pp.poprG VM Kk+ions Cl-ions  Box dimensions A
peptides molecules

132,822 x 132,522 x

6 592 71571 246 194 172,373
132,822 x 132,522 x

12 592 69910 194 238 172,373

12 - 19031 53 245 86,90 x 86,90 x 86,90

Table 8.5 Equilibration steps for peptide with membrane simulations.

Force constant kcal/(molA?)

Time . . . Dihedral
Duration Position restraints .

Step Ensamble  step dt restraints

(fs) (ps) Side
Backbone . P atoms
chains

1 NVT 1 125 10.0 5.0 2.5 2.5
2 NVT 1 125 5.0 2.5 1.0 1.0
3 NpT 1 125 2.5 1.3 1.0 0.5
4 NpT 2 500 1.3 0.5 0.5 0.5
5 NpT 2 500 0.5 0.1 0.1 0.3
6 NpT 2 500 0.1 0.0 0.0 0.0
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8.2 Problems with creating larger systems

While creating the system containing multiple peptides in the vicinity of the membrane, one
could encounter a few problems. First, it is important to choose a large enough membrane
system, to more reliably represent the interaction of the peptides with the membrane. Secondly,
number of water molecules added to the system is crucial. If the thickness of the water layer
above the peptides is not large enough, peptides could move vertically and leave the simulation
box, and end up on the other side of the membrane, which, for our model, would mean that
they have entered the cell. Those results must be discarded. This was the case for the simulation
of twelve peptides in the vicinity of the membrane, described in section 5.3.2, where one
peptide vertically moved away from the membrane after 700 ns, leading to uninterpretable
results.

However, adding a very thick water layer results in extreme simulation times, so it is crucial to
determine the water molecule per lipid ratio for the system to yield results in the reasonable
time.

Another issue can occur when using supercomputers. For the simulation of twelve peptides,
several systems were constructed each leading to different challenges. The first selected
membrane model contained 512 lipids and a 4 nm water layer thickness, which proved to be
insufficient, as peptides swiftly left the simulation box. Another attempt was with a membrane
of 768 lipids, and a 4 nm water layer, which on the other hand resulted in a very long simulation
time, and the peptides still moved vertically out of the box. The number of lipids was then
reduced to 672, with an 8 nm water thickness, and this system exhibited problems while trying
to run a simulation at the supercomputer, due to decomposition issues. On a traditional
computer, which uses a different type of parallelization compared to the supercomputer, the
simulation was able to run, but predicted an unreasonably long time for computing.

The final system size was determined mostly by trial and error but keeping in mind that the
water to lipid ratio should be around 100.

52



A. Begi¢: The role of specific structural motifs in mode of action of antimicrobial peptide TSO8 from Taenia solium

8.3 Additional results
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Figure 42 RMSD calculations for two cases of 500 ns long simulations of TSO8(1-39), TSO8(3-39) and TSOS8_lin

in water.
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Figure 44 RMSD calculations for two cases of 500 ns long simulations of TSO8(1-23), TSO8(3-23) and
TSO8(20-39) in water.
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Figure 45 Radius of gyration calculations for two cases of 500 ns long simulations of TSO8(1-23), TSO8(3-

23) and TSO8(20-39) in water.
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Figure 46 Helicity per residue calculated for TSO8(1-39), TSO8(3-39) and TSOS_lin during two cases of 500

ns simulations in water.
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Figure 47 Helicity per residue calculated for TSO8(1-23) and TSO8(3-23) during the 500 ns simulation in water

(left) and 1.0 ps simulation with the membrane (right)
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Figure 48 Helicity per residue calculated for TSO8(1-39), TSO8(3-39) and TSOS8 lin during the 1.5 ps
simulation in the vicinity of the membrane.
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Figure 49 Helicity per residue calculated for TSO8(1-23) and TSO8(3-23) during the 1.0 ps simulation in the
vicinity of the membrane.
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Figure 50 Radius of gyration (left) and RMDS (right) calculated for TSO8(1-39), TSO8(3-39) and TSOS_lin

during the 1.5 ps simulations with the membrane.
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Figure 51 Radius of gyration (left) and RMDS (right) calculated for TSO8(1-23) and TSO8(3-23) during the 1.0

us simulations with the membrane.
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