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Abstract

The last 18 months has shown the impact a single microorganism can have
on society with the SARS-CoV-2 virus. This is not the only global threat
on our health, with the World Health Organisation and other government
agencies warning against the increase in antimicrobial resistance today. An-
timicrobial peptides have been seen as a possible solution, as they are known
to fight bacteria as a part of the immune system and there is a high variety

of molecules.

This thesis uses molecular dynamic simulation to look into two differ-
ent cyclic peptides, mrs-002 and tkbs-013, as possible antimicrobial peptides
to determine their interactions and effects on a POPE:POPG lipid bilayer
membrane. Different systems were set up for this thesis for conformational
analysis of the peptides and to investigate the peptide-membrane interactions

and their effect on the membrane themselves.

It was found that the mrs-002 and tkbs-013 was most likely biologically
active from their interactions and the effects than had, with mrs-002 having
stronger interactions and effects overall. Visual analysis of the interactions
and positions of the peptides suggested the mrs-002 peptide either using the
barrel-stave or the toroidal method as mode of attack, while the tkbs-013
peptide seemed to suggest a combination of the carpet and the barrel-stave
or toroidal method against the lipid bilayer. Their conformational analysis
showed that the mrs-002 had some sterical hindrance compared to tkbs-013,

but that none of the peptides seem to favour any secondary structure.
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Introduction

1.1 Antimicrobial resistance

The SARS-CoV-2 virus has shown how much of an impact microorganisms
can have on society when there are no safeguards and the human body is
not capable of fighting them properly. Not only was hospitals overrun in
several nations with the health care system desperate to get treatment for
the patients, there has also been struggles with the worlds supply chain,
making everything from electric car production to clothing brands such as
Nike struggling to supply consumers [16]. While the Covid-19 pandemic
might be an extreme case, the World Health Organisation (WHO) included
antimicrobial resistance in a 2020 list of urgent health challenges for this
decade, stating that it is a threat to modern medicine [39]. The UN has
also made a call on action for antimicrobial resistance, calling it 'the silent

tsunami’ [34].

There are several ways that antimicrobial resistance can develop and un-
derstanding them may help develop novel antibiotics and medicine to help
fight against antimicrobial resistance. There are many ways for bacteria to
develop antimicrobial resistance, with some bacteria even having the genes for
resistance inherently, but using gene amplification they end up with enough
of the gene to end up becoming resistant. It can also happen with modifica-

tion of the RNA, a process that does happen naturally in all cells, including
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human cells. Bacteria has also the ability of horizontally transfer genes be-
tween different species, meaning if one species ends up resistant against an-
timicrobes, it can share this to other bacteria as well, not only the ’offspring’
[9]. Adding on to the mechanisms of how bacteria naturally form antimicro-
bial resistance, there are several studies showing that there is a correlation
between antibiotics used and the antimicrobial resistance found in bacteria,

such as in E. coli and S. pneumoniae [11]

Selective pressure from medicine use and the host immune systems are
ways for the bacteria to develop antimicrobial resistance and it is important
to note that these resistant bacteria move between places and species. The
usage of antibiotics in livestock not only for treatment, but also as growth
promotion, may give unnecessary selective pressure and end up developing
more resistant bacteria than necessary. This problem with livestock and
antimicrobial resistant bacteria is not only affecting people who eat meat
from livestock, as it can easily spread from livestock to farm workers and into
society, if the disease is zoonotic [38]. As seen with the SARS-CoV-2 virus,
foreign travel can also aid in the spread of antimicrobial resistant strains of
bacteria, meaning that this is not only a local problem, but a global one.
This means that individual countries cannot do all of the solution solving,
but like with global warming, a global solution would be needed to properly
combat this problem [32].

1.2 Antimicrobial peptides

Antimicrobial peptides and proteins (AMPs) have been found to be a ubig-
uitous part of the immune system, found in animals, plants and bacteria [3].
The difference between the antimicrobial peptides and proteins is their size,
with antimicrobial peptides historically being characterised with around 12-
60 amino acids and under 10 kDa. Proteins on the other hand can be much
larger and heavier than peptide, even including several amino acid chains.

While this thesis will focus on how AMP, specifically antimicrobial peptides,
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impact bacteria, it is important to note that they are a part of the immune

system against fungi, virus, yeast and other biological attacks as well [41].

Antimicrobial peptides discovery most likely started with peptides from
plants followed by animals in the 1960s, even if the first AMP was reported
in 1920 by Sir Alexander Fleming. Several decades of analysing and cate-
gorising AMPs has given scientists some characteristics that may help when
identifying AMPs. The first as mentioned before, is that the peptides them-
selves are usually very small, and when they fold they tend to end up in one of
three different categories based on their secondary structure, 1) a-helical; 2)
p-sheet and 3) extended AMPs. The secondary structures defining the first
two categories may not form in aqueous solution, but the folds are adapted
in non-polar environments, like in a cell membrane. The third category does
not have a secondary structure element in common, but is recognised from
having a high content of a specific residue, such as histidine or tryptophan
[42]. Most characterised peptides are also cationic and this may be essential
to interact with the electronegative membrane in fungi and bacteria [41].
This wide variety and amount of possibilities within AMPs means that there

are plenty of possibilities for novel structures and usages.
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(a) The barrel-stave
model (b) The carpet model (c) The toroidal model

Figure 1.1: Different modes of attack from antibacterial peptides on a lipid
bilayer. The figure is adapted from Brodgen [5]
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Antimicrobial peptides are a diverse group, not only structurally, but
also with their modes of action. Antibacterial peptides are cationic and is
dependent on cell wall or cell membrane interaction along with a high ratio
of hydrophobic amino acids. This combination of hydrophobic amino acids
and positive charge(s) makes them ideal for the negative cell membrane that
is found in bacteria membrane. This initial interaction with the membrane
either leads to the peptide disrupting the cell membrane or the peptides en-
tering the bacteria to act as an inhibitor for a function inside of the cell. [42].
It has been suggested that the disruption of the cell membrane can happen in
several different ways as seen in figure 1.1. The barrel-stave model suggests
that the peptides aggregate and creates a tunnel through the membrane,
with hydrophobic amino acids against the membrane and hydrophillic amino
acids in the interior of the tunnel, marked in blue and red respectively. The
second model called 'the carpet model’ suggests that the peptides 'carpet’ the
lipid bilayer and can end up isolating smaller regions of the membrane. This
isolation of the membrane as seen in figure 1.1b depend on the interactions
between the lipids and the peptide as well as how the lipids are structured in
the membrane. The third model is 'the toroidal model’ and may look similar
to the barrel-stave model, however there are some differences. The peptides
aggregate to make a ’tunnel’ through the membrane, but unlike the first
model, the lipid heads follow with, creating a lipid monolayer that bend 180
degrees, with the peptide still inserted in the membrane, instead of acting as

a protective layer between the membrane and the interior of the tunnel [5].

1.2.1 Cyclic antimicrobial peptides

While AMP can be of great help within drug design and the development of
new drugs such as new antibiotics, there are several problems with AMPs. It
has been found that they have low bioavailability with oral ingestion of the
peptides and a rapid degradation, making them hard for mass production
and for use in prescription drugs [24]. One possible solution to this has
been cyclic peptides as some have been known to have a stronger secondary

structure with higher biological activity [8]. It is also known that some cyclic
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peptides such as cyclic lipopeptides have shown to be more stable than their

linear counterparts [7].
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(a) Mrs-002 peptide (b) Tkbs-013 peptide

Figure 1.2: Two cyclic peptides used in the systems for this thesis.

The two AMPs used in this thesis are two cyclic peptides with the same
amino acids, but in different configurations as seen in figure 1.2. They both
consists of 6 residues, three tryptophan and three ionised lysine. The first
structure, mrs-002 has one ’side’ of lysine and another of tryptophan, mean-
ing they are concentrated on each side. The other structure, called tkbs-013,
has an even spread of the two amino acids and both of the peptides has a net
+3 charge from the +1 charge for each ionised lysine. This means that mrs-
002 have a higher concentration of positive charge on one side of the peptide,
whilst the positive charge in tkbs-013 is more in an even ring around the
peptide as the lysine is spread evenly. Experimental data from MIC tests
shows that mrs-002 has higher biological activity compared to tkbs-013 as
shown in table 1.1 [31]
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Table 1.1: Values from MIC tests for mrs-002 and tkbs-013 against different
bacteria. The values are given in pg/ml and taken from [31]

S.aureus | E.coli | B.subtilis | P.aeruginosa
mrs-002 32 8 4 32
tkbs-013 128 64 32 NA

1.3 Biological Membranes

Biological membranes can be seen surrounding all cells, and consists mainly of
lipids, amphiphatic molecules that form into a bilayer due to the hydrophobic
effect. All lipids in such layers has a hydrophillic end and a hydrophobic end,
with the hydrophillic ends being on the ’outside’ of the membrane and the
hydrophobic making the interior of the membrane [1]. The lipid bilayer is a
permeable barrier between the cytoplasm inside the cell and the exterior and
there are complex reactions with both sides of the membrane, for such things
like signalling or making sure only the 'correct’ molecules pass the membrane.
In the lipid bilayer there has also been found membrane proteins that has
many functions, from signalling between the exterior and the interior of the
cell and scaffolding to bending and forming the membrane topology along
with the lipids [25].

The lipids used in membranes are called phospholipids, lipids with a
hydrophilic ’head’” which include a phosphate group and two hydrophobic
‘tails’ that are derived from fatty acids, thus mainly consisting of hydrocar-
bon chains with single and double bonds. Phospholipids are found to be
either neutral or negative in charge at neutral pH, depending on the phos-
phate acid precursor. There are 5 major headgroups found in biological
membranes, with the precursors being chloline and enthanolamine forming
neutral headgroups and the serine, inositol and glycerol precursors forming
negative headgroups, with hundreds of other types of lipids also found in
membranes. The combination of the different lipids, plus the difference in
the lipid tails makes a big difference for the different membranes and the
concentration can help certain interactions happen at certain places at the

membrane topology [27]. Approx 50% of mammalian cells consists of lipids
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and they are typically a combination of several different lipids and the rest of
the membranes consisting of proteins, sterols and other molecules. Eukary-
otic or bacterial membranes typically consists of mainly one or two types of
lipids along with some proteins and other lipids, though not near the variety
seen in mammalian membranes. Two important lipids to note in this thesis
are phosphatidylglycerols (PGs) and phosphatidylethanolamines (PEs) [29].
PGs are unique as glycerol has structural properties to mimic water and help
more than just be a negative charge in the membrane. The combination of

these two lipids are common in the inner membrane bilayer of bacteria. [27]
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Figure 1.3: PE and PG lipids, commonly the main components of the inner
lipid bilayer found in bacterial membrane. Figure adapted from Spooner [20]

Not all bacteria has the same structure in their membrane as there are two
distinct groups of bacteria that can be differentiated by a Gram test, called
Gram-positive and Gram-negative. A Gram-negative bacteria has a mem-
brane consisting of three distinct layers, with an outer and inner lipid bilayer
and a peptidoglycan layer between them. It is usually this inner membrane
that mainly consists of PG and PE lipids. A Gram-postive membrane does
not have the outer lipid bilayer, only the inner one. Usually a Gram-positive
cell has a higher concentration of PG-lipids, while PE lipids have been found

in higher concentration in Gram-negative membranes [10].
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1.4 Force fields

Using computers to calculate and model chemical reactions and interactions
can give a new or more detailed perspective on how the mechanisms work
compared to traditional analysis methods used. However, it is then impor-
tant to be familiar with the mathematics, physics and chemistry behind these
models to know where the simulations may fail or where one might benefit
from using such models. When looking at larger systems, something typi-
cal in biological simulations including lipid bilayers and proteins, empirical
models called force fields from molecular mechanics are employed. This is
a simplification based on the Born-Oppenheimer approximation, making it
possible to write the energy of the system as a function of the nuclear coor-
dinates [21].

The force field calculations used in molecular mechanics are based on
the nuclear coordinates, with all force fields using the same basic equation
and then having different specialisations with different focuses depending on
additional terms. The basic equation (equation 1.1), shows different terms
describing the chemical bond length, the angles between the bonds, the tor-
sion around the bonds and the non-bonded forces, described using Coulomb’s

law and a 12-6 Lennard-Jones potential.

U™y = Z %(lz —lip)? + Z %(92 —0;0)° + Z %(1 + cos(nw — 7))

bonds angles torsions
20> Bey[CH)E = () ]+
i=1 j=i+1 LY ) 0745

(1.1)

The first term in equation 1.1 explains the chemical bonds of the system
and the stretching that happens between two atoms. This form comes from
a Taylor series between a reference length (/;9) and the calculated length

(I;) of the bond. It usually only contains the first and second-order from
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the series, with the first order term being equal to 0. It also includes a
force constant k;, and is in the form of a harmonic oscillator, meaning the
calculated energy will be most realistic with relaxed chemical bonds. This is
based on Hooke’s law from physics, saying that the force is proportional to
the elongation of a spring. While using Hooke’s law may not ba as accurate
as the full Taylor series, it makes the computational power and time needed

lower than computations using higher order terms [40].

The second term explains the angles between two bonds, A-B and B-C,
again from a Taylor series with only the second-order term in the form of
a harmonic oscillator. It includes a reference angle (6,), a calculated angle

(0;) and a force constant for the angle itself.

The third term describes the torsion around the chemical bonds, with
the torsional angle, w, the ’barrier height’ V,,, the multiplicity, n and the
phase factor «v. The torsional angle is easy to understand, but the barrier
height gives an indication on how ’difficult’ it is to rotate the bond. The
multiplicity is how many minima there is in a energy function from the bond
being rotated 360° with the phase factor describing where the global minima
is in the same function. All these variables are expressed in a cosine series
expansion as shown in equation 1.1, using only the first term, however there
are certain bonds where it is necessary to include higher order terms for a

better accuracy, one example being simulation of DNA.

The last term in equation 1.1 tries to describe the non-bonded forces in
a molecule, such as the electrostatic effect and the van der Waals forces. In
this equation, a combination of Coulombs law and the Lennard-Jones 12-6
potential is used. Coulombs law describes the electrostatic forces between
two net atomic charges and it is often only the lowest charge with non-zero
moment that is included in this calculation, meaning that an ion such as Na*
only includes the charge ¢, but uncharged molecules may have the dipole, p,
in their calculation. The Lennard-Jones 12-6 potential describes the van der
Waals interactions and tries to balance the repulsive and attractive forces

depending on the distance between the atoms. The collision diameter, o,
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and well depth, ¢, are the major variables determining the ’ideal’” distance
between the atoms and where the attractive and repulsive forces are in a

balance with each other.

With the terms not being a strict set, it is possible to specialize certain
force fields and the terms included, such as the MM2 force field mostly being
used for small organic molecules [2]. Cross terms, a term in the force field that
reflects the coupling between the coordinates may also be included if there
are certain properties that one wishes to calculate, such as the vibrational

frequency of a system or molecule [21].

1.5 Statistical mechanics

While force field calculates the potential energy of the system, this is on a
microscopic level, meaning that is does not translate well over to a macro-
scopic sample and makes it hard to have the system in realistic conditions.
Statistical mechanics is a field in physics that makes it possible to connect
the microscopic level with the macroscopic and tries to calculate thermody-
namic properties of a system. One example in statistical mechanics is the
correlation between the average kinetic energy and the temperature seen in
equation 1.2 [19].

(Ex) = SRT (1.2)

Using statistical mechanics with a probabilistic model makes it possible
to calculate thermodynamical properties of a system. Each particle can be
described using the position r¥and momentum p” by giving them a defined
state pVr? for the 6N space in the system, with N representing each particle
in the system. At temperature T, each particle has a certain probability of
being in a state with energy €, and this can be seen as a Boltzmann factor
e(=¢/FT) A partition function that sums all possible states of the systems as

seen in equation 1.3, makes it possible to calculate the macroscopic functions.
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e(—€i/kT) (1.3)
1

N

qg=

k=
The partition function can be used to normalise the energy distribution of

the system, making the function into a Boltzmann distribution. The energy

of the system can also be described as dependent on the momentum and po-

sition of each particle, meaning that the Boltzmann probability distribution

can then be written as:

p(pN,x) = g - BT TI/RT) (1.4)

Calculating the time average of equation 1.4 requires much longer simu-
lations than one can calculate without spending years on said calculations.
However in statistical mechanics it is thought that a time average of a prop-
erty is equal to the ensemble average of the same property at equilibrium.
This makes it possible to calculate the average of said property as molecular
dynamics simulations produces an ensemble average over time with a certain
number of atoms. The time average initially used can then be replaced by the
calculated ensemble average by using equation 1.5, a multi-variable integral

over the 6N space with weighted probabilities for all N particles [19][21].

(A) = / / dp" de¥ A(pY, r)p(p" 1) (15)

Using equation 1.5 to calculate the average for a property in the system,
makes it then possible to control the energy, and thus the thermodynamical
properties of the system itself. This is because in thermodynamics it is
stated that the equation of state of the system can be described by the
relationship between thermodynamic parameters in the system. This means
if one sets the temperature (T), volume (V), pressure (P) and particles (n) as

the fundamental thermodynamical parameters of the system, it then follows
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that the relationship can be described as:

gn, P, T, V)=0 (1.6)

Using this relationship between the different parameters and setting the
different parameters as constants means that the ensemble calculated can
calculate its energy. One example is the NTP ensemble used in this thesis,
where the temperature, pressure and particles are constant while the volume
can change. This makes it an isothermal-isobaric ensemble and it just one of

many types of ensembles found in statistical mechanics [33].

1.6 Molecular Dynamics

While force fields and statistical mechanics can help with simulations in
chemistry, it is only computed for that instant, meaning reactions and in-
teractions between molecules over time is not a part of the calculations.
Molecular dynamics, the use of successive configurations of the system inte-
grated from Newton’s laws of motion can make the simulation happen over

time. Newton’s laws state [40]:

1. A body acted on by no net force has a constant velocity and zero
acceleration y
s
YF=0——=0 1.7
o (1.7)

where v is the velocity of the particle.

2. The rate of change of a particles linear momentum is directly propor-

tional to the net force acting on said particle.

_dp md—v (1.8)

YF =
dt dt

where p is the momentum of the particle.

3. To every force, there is an equal and opposite directed counterforce.
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Fip=—-Fpa (1.9)

It is especially Newton’s second law (equation 1.8) with the use of differ-
ential equation that helps with calculating the trajectories of the particles in
the simulated system. The simplest molecular dynamics model by Alder and

Wainwright in 1957 can be broken into 4 steps.

1. Identifying the spheres that are to collide based on current trajectories

and calculate when this collision will occur
2. Calculate the position of all the spheres in the system at time of collision
3. Determine the new velocity of the colliding spheres after the collision

4. Repeat until simulation is complete

While this algorithmic approach can work for simulations, there are more
realistic methods including the change in forces on each particle as the posi-
tions are changed with the use of continuous potentials, with the equations
of motion being integrated using finite difference method. The molecular
dynamics algorithms that integrates with the finite difference method, also
assumes that the position and dynamics properties such as velocity and accel-
eration, can be expressed using Taylor series expansions, shown in equations
1.10a - 1.10d, for position, r, velocity, v, acceleration, a, and the third and

fourth derivative of position, b and c.

1 1 1
r(t + 0t) = r(t) + otv(t) + §5t2a(t) + adt?’b(t) + ﬂét‘Lc(t) + ... (1.10a)

v(t + 6t) = v(t) + ota(t) + %&Zb(t) + éét?’c(t) + ... (1.10b)
a(t + 6t) = a(t) + 6tb(t) + %5t2c(t) + ... (1.10c)
b(t + 0t) = b(t) + dte(t) + ... (1.10d)

One of the most used algorithms is the Verlet algorithm that uses the

position and acceleration at time, t, plus the positions from the last timestep,



14 Chapter 1

t — 0t to calculate the positions at the new timestep, t + dt.

r(t +6t) = r(t) + dtv(t) + %5t2a(t) + . (1.11a)
r(t — 1) = r(t) — dtv(t) + S6r%a(r) — . (1.11b)
r(t + 0t) = 2r(t) — r(t — ot) + 6ta(t) (1.11c)

Adding equations 1.11a and 1.11b gives equation 1.11c¢, and to find infor-
mation on the new velocities for the systems, the difference in positions at
the two timesteps if then divided by 24t.

v(t) = [r(t + 6t) — x(t — 5t)]/26¢ (1.12)

The Verlet algorithm, does have some flaws, such as adding a small term,
§t?a(t) and two much larger terms, r(t + 6t) and r(t — 6t), leading to a
possibility of loosing some precision in the calculations, the lack of a velocity
term in equation 1.11a and 1.11b makes it hard to obtain the velocity and
calculate them. The Verlet algorithm also lack a starting point, the equation
relies on a previous step, however this can be solved using Taylor series.
The timestep, 0t is also important as this is chosen before the simulation
can begin. If it is too large one may end up with particles overlapping and
too small of a timestep may end up with too long computations, meaning
wasted time. However it is important to note that for chemical simulations,

operating with timesteps at 10712 s is not too small or too big of a step [21].

1.7 Biological simulations

Simulation of biological systems has a great variety, from small systems like
peptides in vacuum to large systems of lipid bilayers in solution. This makes
the different techniques used for biological simulations also varied, as one can
use quantum mechanics for smaller simulations, while molecular dynamics for
larger, more complicated simulations has become prevalent. While MD simu-

lations do work for all different types of biological systems, there are obstacles
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such as force field inaccuracies and time consuming computations [4]. This
can be seen in this thesis as it includes simulations for a maximum of 260
ns with approx 75 000 atoms, and used a week of cpu-time to complete. To
minimise force field inaccuracies, a force field specialised towards biological
systems, such as CHARMM is used in this thesis. CHARMM focuses on
peptides, proteins and other biological molecules in solvents and membrane
environments, making it an ideal force field for such simulations compared
to INFF that focuses on organic-inorganic and inorganic-biological system
interactions [5] [15]. A problem in general with computational simulations is
that while the system may seem to be minimised, it may not be at the global
energy minima, but on a local one, trapped’ in a free energy well that is not

representative of how the system would behave in nature [4]

1.7.1 Simulation of lipid bilayer

Simulations of large biological systems may be harder compared to smaller
molecules and systems, both in computational time needed to compute the
simulations, but also in finding a proper structure that is representative of
how it is in nature. Finding a structure of a lipid bilayer that is hydrated
and biologically relevant is hard due to the fluctuations of the system that is
present in nature. These fluctuations are necessary as they are relevant for
structure determination and interactions between the lipids. An alternative
for this difficulty is to use simulations of an approximate of the wanted lipid
bilayer, constructing it from the start with relevant lipids and lipid concen-
trations. This do take a lot of time and these structures are no better than
the force fields used for the structures [26].

This thesis uses a lipid bilayer that has been contructed by Hong et al
[17], where they calibrated two different systems. The one chosen for this
thesis was a combination of POPE:POPG (3:1) (figure 1.4) calibrated with
a NaCl concentration at 0.15 M as it was seen as most biologically relevant
for the human body. They simulated the system for 12 us or 12000 ns, much

longer than any simulations done in this thesis. This made the lipid bilayer
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have a more uniform distribution of the different lipids compared to having
concentrated areas of each peptide. It is also known that the inner membrane
of bacteria is mainly composed of POPE and POPG, making this membrane

system a good representation for real bacteria [17]

t=0us t=033 us t=209us

Figure 1.4: Figure showing how the membrane constructed by Hong et al
changed during their simulation with a more uniform distribution of lipids
and separated into small areas of certain lipids. Figure taken from Hong [17]
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Method

2.1 Preparation of the peptide molecules and

the membrane

The two peptides used in this thesis, mrs-002 and tkbs-013-2, were con-
structed in Maestro v.2020-1 and energy minimised using opls-2005 in water
with different starting-conformations to find the most stable that was used
for the different peptides [30]. The corresponding topology-files for the con-
formations was made using CGenFF v.4.0 [35]. The lipid bilayer used in this
thesis was constructed by Hong et al [17] and was taken from the calibrated
model made of POPE and POPG lipids at 0.15 M NaCl concentration. Along
with the lipid bilayer, water molecules and ions closer than 4 A to the lipid
bilayer in the original system was extracted along with the lipid bilayer. The
combination of the extracted lipid bilayer, water, ions and peptides was done
using VMD v.1.9.4a48 [18] and topology files from CHARMM [6] and the
generated file from CGenFF. The new system was then re-centered before a
layer of water molecules with a width of 20A in either y-direction of the sys-
tem was added using tcl-scipting in VMD. The added bulk water molecules
was from the TIP3P water model [23] help minimise the computational time
needed while still having accurate peptide-water interactions. The water was
then ionised using the built-in feature, 'autoionize’, in VMD, adding KCl

such that the ionic concentration was at approx 0.15 M, getting the system
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to correspond to physiological conditions at 315.5 K. Along with the two
systems made for each peptide, a system was made with no peptide, only
the lipid bilayer, TIP3P water and ions. There was also two systems with
peptides, TIP3P water and ions, where the peptides was solvated using 10
A of TIP3P water in all directions, along with KCl-concentration set at 0.15
M, using the same methods as mentioned with a combination of scripts and
VMD.

2.2 Simulation of the systems

5 different systems were simulated, all with 3 parallels each, making it a to-
tal of 15 simulations completed for this thesis. The timestep used for all of
the simulations was set to 2 fs, making 5 000 000 steps equal to 10 ns real
time. When running these systems over al the steps, the output from the
simulations was put on 10 ns increments as to prevent too much data being
put in a single file. The longest simulations were related to the full systems
with both a peptide, the membrane, water and ions, running at a total of 260
ns real time, with the shortest only lasting for 20 ns real time, those being
the conformation simulations for the peptides in water as shown in table 2.1.
To regulate the total energy of the system, both the pressure and the tem-
perature was kept constant, making use of the isothermal-isobaric ensemble
(NPT) known from statistical mechanics. All of the systems was set to use
a periodic cell to make sure the peptide could move freely and a cutoff range
was set at 12 A. In the beginning of each calculations, all the systems were
also minimised for 10 000 steps to make sure the components put together
when preparing the systems was properly behaving and in optimal positions.
The simulation was computed using the program NAMD v.2.13[36] sent to
a supercomputer because of the high volume of calculations needed for the

simulation.
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Table 2.1: Overview of how many steps each system was simulated for, they
were the same for all parallels for the same system

System Total steps in simulation | Real time (ns)
mrs-002 w/ lipid bilayer 130 000 000 260
tkbs-013-2 w/ lipid bilayer | 130 000 000 260

lipid bilayer 50 000 000 10

mrs-002 w/o lipid bilayer | 10 000 000 20

tkbs-013-2 10 000 000 20

2.3 Analysis of the systems

Before the analysis of the systems could being, wrapping of the trajectory files
was done, meaning that the centre of the system was in the same coordinates
in all of the saved steps. Only every 500 steps was written in the trajectory
files, and when wrapping these trajectory files, only every 5 of the saved
steps was wrapped and saved, ending up with 2600 steps in the end. This
wrapping and cutting down of frames was completed using CatDCD v4.0 [13]
and BigDCD v2 [14].

The analysis of the systems was a bit different depending on what was
included in the systems. The systems with only the peptide included only had
a visual analysis in VMD to confirm the conformation, whilst calculations
of the order parameter of the lipids, area per lipid and the thickness of the
membrane was calculated for the systems with a membrane along with a
visual analysis. The order parameter, area per lipid and thickness of the
membrane was not calculated directly in VMD, but by using an external
plugin, called MEMBPLUGIN v1.1 [12]. The systems with both the peptide
and the membrane had not only a visual analysis as well as the calculation of
order parameter, area per lipid and membrane thickness, but also the z- and
xy-position of the peptide compared to the membrane layer was extracted

from the trajectory files and plotted using python v3.8.

The order parameter, or S¢p calculated is usually derived in NMR anal-
ysis of lipids, and calculates the orientational mobility in each C-H bond in

the lipid tails, thus giving a measure on the membrane fluidity [37]. MEM-
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BPLUGIN calculates the Scp using equation 2.1 with © representing the

angle between the C-H bond and the reference axis.

1
Scp = 5 3c0s%0 — 1 (2.1)

The area per lipid calculation in MEMBPLUGIN is both for the individual
types of lipids, in this case POPE and POPG, as well as the average for all
types of lipids in the membrane. The atoms C2, C21 and C31 was chosen
for both lipids, and using these, MEMBPLUGIN uses a Vornoi diagram
to calculate the area per lipid. The membrane thickness calculation was a
calculation of the average thickness of the membrane over time and a map of
the deformation of the membrane in the simulation. This is done measuring
the distance between two density points with a plane between them before
formalizing them as two mass density profiles of phosphorus. When looking
at the deformation of the membrane over the simulation, this is calculated

from the lipids head position over the simulation [12].
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Results and Discussion

Looking at the systems simulated for this thesis there are many different
angles and ways to help determine if the peptides has a possibility of being
biologically active. The peptide-only systems may show how the different
residues interact with each other and may help to give an indication if the
peptides would degrade fast. The interactions between the peptides and
lipid bilayer may help see if one can predict if the peptides are biologically
active from the simulations and give an indication on their efficiency, at least
compared to each other. Looking at the effect of the membrane compared to

the membrane-only system may also help discover this.

3.1 Peptide conformation

Before the insertion of the peptides, a minimisation from different starting
conformations was done on the peptides. To further make sure that the pep-
tides included into the system was in optimal conformation, two simulations
with only water, ions and the peptides was made. The mrs-002 peptides
showed in all three parallels that the oxygen on the main chain repelled the
side chains of the amino acids, most likely because of the free electrons. This
made the tryptophan bend in the other direction and the lysine side chains
horizontal compared to the main chain ring. Visual analysis of the simulation

for all three parallels showed that the lysine side chains had more freedom
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of movement, compared to the tryptophan side chains that had sterical hin-
drance from their close proximity. The tryptophan could also be prevented
from moving too much from the benzene ring, as this may give a small nega-
tive charge with the double bonds and thus make the side chains repel each
other. Over the course of the simulation, the conformation of the main chain
does not change significantly, with mainly the side chains of the amino acids
changing, however this is to be expected as they have a higher degree of

freedom in the structure itself.

Like the mrs-002 peptide, the tkbs-013 peptide does not undergo any sig-
nificant change to the peptide that gives an indication that the conformation
used in the simulation was disadvantageous for the simulation itself. There
was some small changes, such as the main chain changing into a more round
frame, but this can also be seen in the peptide-membrane systems as well.
One parallel showed 2 possible g-strand with 3 residues each, however this
was not seen in the other parallels. Secondary structures does not tend to
show up in polar environments and the peptide may end up with a stronger
secondary structure when inside the membrane, however for this thesis it is
assumed that it is an extended peptide from lack of evidence. Compared to
the mrs-002 peptide, the side chains for the tryptophan ends up horizontal
compared to the main chain, most likely from the extra space around because
of the lysine as the neighbour and other tryptophan. This has given the tryp-
tophan side chains a higher degree of movement compared to the tryptophan
in mrs-002 and one can see that the peptide is more flat over time, with some
fluctuations up and down. This is also seen in the membrane-peptide system
with tkbs-013 with the peptide laying flat on the membrane surface. The
structure of tkbs-013 may give all of the side chains a higher degree of free-
dom as each side chain seem to be pointed in a different direction horizontally

as seen in figure 3.1b.
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(a) Conformation of mrs-002 from par- (b) Conformation of tkbs-013 from par-
allel 3. allel 3.

Figure 3.1: Final conformation on the simulations from one of the parallels
run with peptide-only systems.

3.2 Peptide interaction

Interactions between the membrane and peptide can be important to help
determine if the peptide disrupt the membrane structure. There are several
ways of looking into this, such as where along the z-axis the peptide ends
up in the simulation compared to the membrane itself, or even how much
the peptide moves on the membrane surface or if it end up in one particular
spot. This can be done visually, but also with plots showing the data from
the simulation giving a overview, and with both types of analysis, this can
help determine what types of interactions and how much interactions there is
between the membrane itself and the different peptides. This can then further
help determine if the peptides may be biologically active and what peptides
may be worth continuing in future work. Both lysine and tryptophan are
amphiphillic amino acids, however the lysine is in its ionised state in this
system, makes it act as positive and polar amino acid. This means that one
can expect the lysine to mainly interact with the polar parts of the membrane
such as the lipid heads, however the tryptophan can interact with both the
lipid heads and the non-polar lipid tails due to its amphiphatic nature.
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Figure 3.2: Comparison of z-coordinates in the lipid bilayer membrane and
peptide in the different simulations.
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Looking at figure 3.2a, the mrs-002 peptide seem to move straight down
to the membrane itself and mostly surfing on or inserting itself into the
membrane. It is important to note that the membrane itself it quite thick
compared to the peptide, meaning the plot may not be a completely accurate
representation of how deep the peptide itself goes into the membrane. The
figures 3.2b and 3.2c¢ show parallel 2 and 3 of the mrs-002 simulations, and
here it seems like the peptide suddenly moves through the membrane itself.
This comes from the use of a periodic cell, and shows the peptide moving up
and out of the cell, thus moving into the cell from the bottom again. This
happens once in the 2nd parallel and twice in the 3rd parallel, and may come
form how the peptide was inserted with the tryptophan side chains against
the membrane before the simulation. This was to prevent the attraction
between the positive lysine and the negative membrane surface to interact
and help minimise favourable interactions and push the output of the data

towards a biologically active peptide artificially.

The parallels for tkbs-013 do have some similarities in how the peptides
move compared to the membrane, but there are differences between the differ-
ent peptides. While an unfavourable position was much easier to find with
the uneven distribution of amino acids in mrs-002, this was much harder
for tkbs-013, where it ended up in a more horizontal position, making sure
no peptide was any closer than the other to the membrane. This may be
the reason why all three parallels did not end up going out of the periodic
cell like two of the mrs-002 parallels. The 3rd parallel shown in figure 3.2f
shows tkbs-013 not really interacting with the membrane itself for almost half
the simulation, something that may come from the even distribution of the
amino acids in the peptide, making attraction between the membrane and
the peptide weaker compared to mrs-002. This weaker attraction between
the peptide and the membrane may suggest that the mrs-002 may be more
biologically active than tkbs-013. Both peptides seem to have an attraction
to the membrane, meaning that while there seem to be a difference, this does
not suggest that tkbs-013 is not biologically active. One thing to note for

these graphs it that the z-values used for these graphs comes from a single
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atom in the peptide and a single atom in the membrane as mentioned in the
methods. This may then give a wrong view of how deep the peptide is in the
membrane as the membrane does not have an even surface at all times, and

the peptide may be a bit deeper into the membrane than it seems.

Visual analysis showing how the peptides interact and inserts themselves
into the lipid bilayer, figure 3.3 shows no large difference in how deep the pep-
tides inserts themselves inside the membrane. However, what is not shown
in these figures and what can be seen some in figure 3.2, is how the differ-
ent peptides ended up in the different positions and how much each peptide
moved on the membrane surface. This is more clearly shown in figure 3.5,
and like figure 3.2, there is a clear difference both peptides and the different

parallels.
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(a) Position of parallel 1 of mrs-002 pep- (b) Position of parallel 1 of tkbs0-13 pep-
tide in the end of simulation in mem- tide in the end of simulation in mem-
brane brane

Figure 3.3: Position of peptide within the membrane showing how the differ-
ent peptides have inserted themselves into the membrane

From visual analysis in VMD, the 1st parallel of mrs-002 first interacts
with the membrane using two of the lysine side chains. It does not take long

before the peptide twists, ending up with all of three tryptophan side chains
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interacting with the membrane, and the lysine side chains either laying on
the membrane surface surface or interacting with the water. As this happens,
it also shows that the peptide does not move much on the membrane surface,
slowly moving from corner to corner as shown in figure 3.5a. Comparing this
with figure 3.5b there is a clear difference in how much each of the parallels
moving around. The second parallel of mrs-002 moves much more in the
beginning of the simulation, and this has several possible explanations. As
shown in figure 3.2b, this peptide not only moved in the xy direction of
the periodic cell, but also moves up in the z-direction, meaning it interacts
with the other leaflet of the membrane than parallel 1. This takes time and
when it does interact with the membrane, it is also with two of the lysine
side chains. The peptide stays like this for a while, only having two lysine
and one tryptophan side chain interacting with the membrane and it does
not insert itself into the membrane, only moving on the membrane surface.
However, the peptide ends up in a position where the tryptophan ends up
inserting itself into the membrane and interacts not only with the lipid heads,
but also with the lipid tails. This can also be seen in figure 3.5b where the
movement seem to slow down at around 150 ns, and the peptide ends up in

the same situation as parallel 1.

Figure 3.5¢ show that the peptide move in the beginning of the simulation,
but this may come from the peptide not interacting with the membrane as
it moves in the water shown in figure 3.2c. Comparing the 3rd parallel
to the 2nd parallel of mrs-002, the 3rd ends up on the same side of the
membrane as it starts at and visual analysis show that the peptides inserts
itself much earlier in the simulation, not needing to reorient itself to fit the
lower leaf of the lipid bilayer. It also ends up in a similar position as the
1st parallel, including the first interaction being between the membrane and
lysine. This may suggest that the peptide needs to be in a certain position
with lysine doing the initial interaction followed by tryptophan positioning
the side chains down against the membrane to actually insert itself into
the membrane. The peptides all started in a position with the tryptophan
down as it was expected that the tryptophan would be the least attracted
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to the membrane, and while none of the peptides ended up having their first
interaction with the membrane with tryptophan, both the 1st and the 3rd
parallel did not need to much reorientation before the peptides ended up
in the membrane compared to the 2nd parallel. This further suggests that
mrs-002 may be biologically active, as all parallels ended up ’attacking’ the

membrane with the same 'mechanism’.

Figure 3.5d shows that the peptide tkbs-013 interacts with the membrane
mainly in the corners of the periodic cell like the 1st parallel of mrs-002.
However when comparing it with figure 3.5a, there is more movement of the
tkbs-013 peptide, suggesting less or weaker interactions between the peptide
and the membrane for tkbs-013 than the mrs-002 peptide. Visual analy-
sis in VMD, shows that it is actually a combination of one lysine and one
tryptophan that first interacts with the membrane. After interacting with
the membrane, the peptide ends up flat on the membrane surface, moving
around and not going any deeper in the membrane itself. As seen in figure
77?7, the peptide ends up with one tryptophan and two lysine inside the mem-
brane and the other amino acids of the peptide on the membrane surface.
The second parallel, shown in figure 3.5e, shows a slightly different picture,
with the peptide not ending up only in the corner of the periodic cell, but
ends up going back and forth on the x-axis while moving in the negative-y
direction. This parallel also has the first interaction between the peptide
and the membrane with one tryptophan and one lysine side chain, whilst
the rest of the peptide flattens out on the membrane surface. This parallel
ends up switching between being horizontal and vertical on the membrane
surface, as it moves back and forth on the x-axis. In the end the peptides
settles on being flat on the membrane surface, with one tryptophan inside

the membrane itself.

In last parallel of tkbs-013 (fig 3.5f) the peptide seems to move less along
the membrane surface than the other parallels. Figure 3.5f shows that the
peptide staying in the middle of the xy-plane for approximately 70ns, however
looking at figure 3.2f, as well as looking at the corresponding trajectory data,

the peptide spends these 70ns interacting with water. It also differs in that
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in the first membrane interaction it uses only a tryptophan side chain and
inserts itself quickly into the membrane compared. Compared to both the
other tkbs-013 and the mrs-002 peptide, this parallel seem to insert itself
deeper into the membrane as well, as shown in figure 3.4. The 3rd tkbs-013
parallel also stays in the corner of the periodic cell after the first interaction
with the membrane like the 1st parallel. Comparing all three parallels, it is
clear that the tkbs-013 moves more than the mrs-002 peptide and that it is
the tryptophan side chain that inserts itself into the membrane. All three of
the parallels ends up with a flat peptide along the membrane surface, with
the exception of one tryptophan and lysine that are more inserted into the
membrane. The two different ways the peptide ends up interacting with the
membrane suggests that the tkbs-013 does have a specific path for interacting
with such membranes. It does suggest that it is biologically active, maybe
even with different modes of action, depending on how it interacts, as the first
two parallels may suggest that a high enough concentration of tkbs-013 may
end up carpeting the membrane, while the last parallel shows the peptide

inserting itself into the membrane.

Figure 3.4: Position of the peptide from the third parallel of tkbs-013 in the
end of simulation
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Comparing the figures in figure 3.5 between the two peptides, it is clear
that the tkbs-013 peptides has move movement, but both of the peptides have
one outlier that is different from the other two parallels. However, these dif-
ferences can likely be explained with other figures and visual analysis, with
more parallels of these systems along with different starting positions for
the peptides in future work something to consider to further understand the
differences between the parallels. The 2nd mrs-002 parallel had more move-
ments in the xy-plane, but this was significantly reduced after the first inter-
action with the membrane and insertion into the membrane as seen with the
other mrs-002 parallels. The 3rd tkbs-013 parallel may come from difference
in how the tkbs-013 peptide orientation affects the affinity for interacting
with the membrane, with the 3rd parallel showing an orientation of the pep-
tide that has a higher affinity for inserting itself into the membrane. Several
of the parallels did end up with the peptides along the edge or corners of
the periodic cell of the simulation box, and this may have had an affect on
the calculations. The calculations of some of the interactions may be a bit
different in the border, and might have even been the reason the peptides
did stay around the borders of the simulation box, however it may also be
how the membrane itself and its lipid concentration affecting where the pep-
tide stayed. The positioning of the peptides did show the difference between
them and might help suggest that both of them are biologically active. The
mrs-002 peptide seems to be the candidate likely to have an higher activity,
as it seems to start making a tunnel to distrupt the membrane and in that all
three parallels ended up in the same position, suggesting that if the peptide
interacts with the membrane, there would not be competing modes of attack.
The tkbs-0132 peptide does seem to have two different modes of attack from
the positioning of the peptide, both carpeting the membrane and making a
tunnel depending on the parallels. The competition of two modes of attack
and the higher movement of the peptide before inserting itself into the mem-
brane, suggest that the activity would be lower than the mrs-002 peptide,

substantiating experimental data from table 1.1.

So far, only the position of the peptide and the membrane with rough
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estimates of possible interactions has been shown. However a more detailed
view of these interactions from looking at the peptide and membrane during
a visual analysis can give a clearer picture on the differences between the two
peptides. Figure 3.3a shows how the 1st parallel from mrs-002 is inserted
into the membrane in the last frame of the simulation. This frame was
chosen, as all of the parallels was inserted into the membrane at this point
in the simulation and in an similar situation with their interactions to the
membrane. As stated earlier, it is the tryptophan side chain that is deepest
into the membrane in the mrs-002 parallels, and with the lysine interacting
with the lipid heads in the membrane. As seen in table 3.1, all three parallels
of mrs-002 have both possible hydrogen bonds and van der Waals interactions
with the membrane. Some of the possible hydrogen bonds may also be salt
bridges, however due to the fluctuations of the membrane and the charge, in
this thesis they are mentioned as possible hydrogen bonds. The first parallel
shows that the tryptophan has two possible hydrogen bonds, along with
the lysine having two possible hydrogen bonds. However, it is important
to note that the bonds with the lysine are quite long, meaning that they
would most likely not form if the peptide stayed still as seen in frame 260.
The second parallel shows one hydrogen bond between the tryptophan and
the membrane, and one possible hydrogen bond between the lysine and the
membrane. This is also the parallel that has the most movement of the
mrs-002 as shown in figure 3.5b, meaning that the lack of interactions may
come from the peptide orientation in space and that it has not had enough
time to get into an optimal position as parallel 1 has. The 3rd parallel
shows 2 possible hydrogen bonds with lysine and 2 possible hydrogen bonds
with tryptophan. The hydrogen bonds with lysine are quite long and thus
weak, meaning that it is mainly the tryptophan that keeps interacting with
the peptide during the membrane fluctuations. The hydrogen bonds with
tryptophan comes from the amino acids not being as deep down into the
membrane as the 1st parallel, and may come from not enough time interacting
with the membrane itself. If this is correct, then the three parallels may show
how the interactions between the membrane and the peptide evolves over

time, with lysine getting stronger interactions with several possible hydrogen
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bonds and the tryptophan ending up with mainly van der Waals and possible

non-polar interactions depending on how deep the peptide ends up.

Table 3.1: Overview over possible hydrogen bonds and other interactions be-
tween the different amino acids in the peptides and the membrane. Some of
the possible H-bond may be salt bridges, however due to fluctuations in the
membrane it was looked as at possible H-bonds instead.

System ‘ Lysine ‘ Tryptophan
mrs-002-1 | 3 H-bonds + vdW vdW

mrs-002-2 | 1 H-bond + vdW 1 H-bond + vdW
mrs-002-3 | 2 weak H-bond + vdW | 2 H-bond + vdW
tkbs-013-1 | 5 H-bond + vdW vdW

tkbs-013-2 | 5 H-bond + vdW vdW

tkbs-013-3 | 2 H-bond + vdW 2 H-bond 4+ vdW

The parallels of tkbs-013 also has several possible hydrogen bonds between
the amino acids and the membrane, with the 1st and 2nd parallel having 5
different possible hydrogen bonds between lysine and the membrane. The
3rd parallel shows potential for 2 hydrogen bonds between tryptophan and
the membrane and 2 possible hydrogen bonds between lysine and the mem-
brane. This difference in interactions may come from the 3rd parallel being
more inserted into the membrane than the first 2 parallels and the different
orientation of the peptides. There are also possible hydrogen bonds between
the membrane and the main chain of the peptide, however there is not a
big difference in the possible interactions for the two peptides. TKBS-013
has 1-2 possible hydrogen bonds with the main chain of the peptide and 2-3
possible hydrogen bonds exists for the main chain of the mrs-002 peptide.
There is a difference in how the peptides are oriented on the membrane, with
all the parallels for mrs-002 and the 3rd parallel of tkbs-013 being vertical
on the xy-plane and at least partially inside the membrane . The other two
parallels of tkbs-013 are oriented horizontal on top of the membrane surface,
most likely meaning that while there are interactions with the membrane,
there as more possibilities for van der Waals and non-polar interactions for
mrs-002.
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In total, while both the mrs-002 adn the tkbs-013 peptide interacts with
the membrane itself, there were some differences that could have an impact
when it comes to how well they interact and how much of an affect these
interactions has on the membrane. The parallels in mrs-002 did not show
the peptide moving the same way in the space, but they ended up with
the peptide in the approximately same orientation in the membrane. The
difference in possible hydrogen bond and interactions may come from how
long time and how deep the peptides were in the membrane. The parallels
of tkbs-013 had also some differences in positions of the peptide, however
the 3rd parallel also showed a difference in orientation of the peptide, with
it being inserted into the membrane and not ending up on the membrane
surface. The difference between the peptides in position suggests that mrs-
002 may be the peptide with the higest biological activity, and while there
are some differences in amount of possible hydrogen bond interactions, the
possible sum of van der Waals and non-polar interactions for mrs-002 may

negate this difference.

3.3 Peptide effect on membrane

Understanding how the peptide interacts with the membrane is only one view
to determine if a peptide is biologically active and often include looking at
a system over time. The effect these interactions has on the membrane are
equally important and may give a new view or give further proof for what
the interactions say. The effects on the membrane may help determine if the
peptides disturb the membrane and by how much, both by looking at the dif-
ferent lipids, but also on the membrane as a whole. The peptide-membrane
interactions does not only need to affect the nearby lipids, but have conse-
quences seen further away as well. Comparing the peptide-membrane systems
with the membrane-only system may give an indication on how the mem-
brane will behave with higher concentrations of peptides and may give proof

for or against the peptides being biologically active.
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Table 3.2: Calculated area per lipid with standard deviation over the simula-
tions given in A% for the different systems. The values are the average over
the full simulation period, with one value for each lipid type and a mean for

all the lipids in the membrane.

System

| POPE

| POPG

Mean

membrane — 1

59.756 £ 1.620

61.726 4 3.309

60.242 £ 3.983

membrane — 2

59.730 £ 1.644

61.567 & 3.334

60.184 4+ 3.953

membrane — 3

60.066 £ 1.664

61.704 + 3.391

60.471 £ 3.988

mrs-002 — 1

60.026 £ 1.492

60.989 £ 3.005

60.264 £ 2.577

mrs-002 — 2

59.567 £ 1.467

61.493 £ 3.022

60.043 £ 2.466

mrs-002 — 3

59.699 £ 1.490

61.450 £ 3.022

60.094 £ 2.509

tkbs-013 — 1

59.678 £ 1.479

60.778 £ 2.891

99.950 £ 2.531

tkbs-013 — 2

59.589 £ 1.479

61.500 & 3.010

60.059 £ 2.514

Area (R &0

tkbs-013 — 3

59.730 £ 1.470

60.899 £ 2.907

Area per lipid

60.019 + 2.492

Frame no.

(a) Area per lipid plot for 1st parallel of membrane-only system
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Area per lipid
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105 —

100

Area (A9 80—

T T
0 500 1000 1500 2000 2500
Frame no.

(b) Area per lipid plot for 1st parallel of membrane-only system

Area per lipid
120

©0——0 <POPE>Mean = SE: 59.586 1.479

115 &——e <POPG> Mean = SE: 61.500 £3.010

& <Total>Mean + SD: 60.059 2514

110 —

105 —|

100

Area (A3 80—

0 500 1000 1500 2000 2500
Frame no.

(c) Area per lipid plot for 1st parallel of membrane-only system

Figure 3.6: Area per lipid plots for the 1st parallel of the membrane-only and
peptide-membrane systems.
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Calculating the area per lipid for all of the systems in this section may
show if there is a development in the membrane density and if the peptide
affected the POPE or POPG lipids more than the other. The plot for the area
per lipid over the simulation period for the membrane-only systems shows a
certain trend that is similar for all 3 parallels, with an example from parallel 1
shown in figure 3.6a. For the first couple of frames, the area per lipid for both
the POPE and POPG lipids decrease rapidly, likely from the minimisation
of the system before the simulation began. After this change, it is mostly
POPG that has the biggest change in area per lipid of the two lipids and
this is shown in all three membrane-only parallels. This can be seen when
looking at the calculated mean and standard deviation as shown in table
3.2. Here it is shown that the POPG on average uses approximately 1.5A2
more space than the POPE lipid in the membrane-only systems. Looking
at the distribution of area per lipid used by the lipids, the lipid distribution
looks like a Gaussian distribution, with POPE concentrated around 60A2
and POPE at almost 62A2. One can see that the highest concentration of
lipids at a certain volume is also reflected in their calculated mean value.
There are some outlier lipids with area per lipid at around 80-90, however
these are most likely lipids at the border of the simulation box. The small
amount of them makes it possible to exclude them in the analysis and assume

that their effect on the calculated values are negligible.

Including the mrs-002 peptide seem to give small changes in the area
per lipid analysis shown in figure 3.6b. For the plots over the simulation,
there is still the significant drop from the minimisation at the beginning of
the simulation, however there is also more change in between the different
frames, suggesting that overall the lipids change their area per lipid more
over the simulation compared to the membrane-only system. It is still the
POPG that is the lipid with the most change and it has the higher mean of
the two lipid types, and the change from the calculated mean area per lipid is
a small decrease in the standard deviation sown in table 3.2. The distribution
of area per lipids looks still like a Gaussian distribution, however there is also

more variety in the lipids for this simulation. This may suggest that some
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lipids end up with more space and others end up in a tighter space, most
likely from the peptide inserting itself into the membrane. This suggests that
the mrs-002 peptide affects both the lipids close and lipids further away.

The figures 3.6¢ and the corresponding mean values in table 3.2 shows a
decrease in the area per lipid for both POPE and POPG compared to the
membrane-only system and a decrease in the standard deviation from the
mean like mrs-002. The lipids change how much space they take more from
frame to frame as the mrs-002 system showed, but with not as many values
at either end of the 'extreme’ values. These frames where the lipids suddenly
take more space on average it’s the most distinct when looking at the POPG
lipid plots, but is still visible in the other plots. The reason the tkbs-013
peptide has less than the mrs-002 system, may come from the difference in
how much each peptide inserts itself into the membrane themselves, thus
disturbing the membrane. Other literature with POPE/POPG membranes
has calculated the area per lipid at 60+ 1A2, 57.7A% and 57 +0.7A2 [22] [28]
[17] and with separate area per lipid calculations suggesting that POPG uses
more space. While the difference between the values in table 3.2 and the given
values most likely be explained by differences in the systems such as ions,
peptide-membrane interactions and such, it also suggests that the area per
lipid calculations from the peptide-membrane systems was not affected much
by the peptides. This could change with an increase of peptide concentration,

as a suggested mode of attack for the peptides are tunnelling.

Examining the space the lipids use in the membrane, the average mem-
brane thickness and map of the membrane thickness shown on the xy-plane
of the membrane may help indicate how the peptides affect the membrane
during the simulations. When looking at the membrane-only systems, figure
3.7a shows the membrane thickness changing during the simulation, with a
mean at approx 41 A for all 3 parallels and figure 3.8a shows that the mem-
brane end up with some areas thicker than others, and this is seen in all 3
parallels. There does not seem to be a pattern to what areas of the membrane
that changes in thickness, but all three parallels seem to have one thicker and

one thinner area of the membrane, most likely from natural fluctuations. It
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is important to note that the differences between the thinner and the thicker
areas for the parallels is a maximum of 2A in difference, meaning that there

are no deep wells in the membrane.

The introduction of mrs-002 does not change the mean thickness of the
membrane by any significant amount, but there seems to be more fluctuations
during the simulation as seen in figure 3.7b. This may come from the longer
simulations, from 100 ns to 260ns, but may also stem from the introduction
of a peptide. The membrane does also end up with concentrated areas where
the membrane is either thicker or thinner than average, however when looking
at them in comparison to where the peptide wnaders in the simulation, there
do seem to be a correlation as seen between figure 3.8b and 3.5a. This
correlation may originate from the mrs-002 peptide inserting itself into the
membrane, thus forcing the lipids away and from how the peptide affects
the area per lipid for the closest lipids compared to the ones further away.
The effect on the lipids may come from the oxygen on the main chain of the
peptide repelling the negatively charged lipid heads, creating small 'pockets’

of space on the membrane surface.

The systems including tkbs-013 peptide shows that the peptide did not
have any significant impact on the mean membrane thickness during the
simulation. There are a couple of more peaks in the plot, as seen in figure
3.7c, but this may come from the longer simulation like the mrs-002 system.
When looking at where the membrane ends up thicker and thinner than the
average as in figre 3.8c and comparing them to figure 3.5d, there does to be a
correlation between the xy-position of the peptide and where the membrane
seems to be thinner as with the mrs-002 systems. Suggesting that the peptide
has a small impact on how thin the membrane becomes. This correlation
in both peptides suggests that they do affect the membrane thickness and
where it changes. A higher concentration may show a greater impart on
the membrane as well. However it is likely that the mrs-002 peptides has a
higher impact on the membrane thickness compared tkbs-013 when looking
at figure 3.8b and 3.8c and this may come from how the peptide interacts

with the membrane.
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Disance between leafets canters of mass

T
Frameno.

(a) Calculated mean thickness of membrane
over the simulation period for 1st parallel of
membrane-only system
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Figure 3.7: Calculated mean thickness for membrane.
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(b) Parallel 1 of mrs-002 system

-20 0 20

(c) Parallel 1 of tkbs-013 system

Figure 3.8: Calculated map of average thickness of the membrane during the
simulation in the xy-plane with red indicating higher values and blue lower.
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Investigating the membrane fluidity and the mobility of the lipid tails can
also reveal important information, especially as it seems that at least one of
the peptides interacts with the lipid tails in the membrane. Ssp analysis
was done both separately for the POPE and POPG lipids and for all the
lipids in the system. In the membrane-only system, there were differences
between the parallels, however like the membrane thickness, it was without
any obvious pattern. This may suggest that the change may be from the
membrane fluctuation and thus random, however longer or more parallels

could help determine this.

The mrs-002 system S¢op plots shows more consistent between the thee
parallels compared to the membrane-only system. It does not seem to be
a significant change in the mobility of the C-H bonds, only noting a small
decrease, however the standard deviation, especially for the POPG lipid,
seem to have decreased compared to the membrane-only. This may shows
that there might be less mobility in the lipid tails from the peptide interacting
with them. The system including tkbs-013 also has a consistency between the
parallels that was not seen in the membrane-only system parallels. Compared
to the mrs-002 system, there are some small differences, such as the POPG
lipids having a greater mobility at C3 and C13 for the tkbs-013 than mrs-
002 and the mrs-002 system having grater mobility at C4 and C5. This may
come from the interactions between the peptide and the membrane. It is also
important to note that the Scp plots are an average between all the lipids
in the membrane and this may make any changes seen from the peptide

interactions very small in the calculations of mobility.

The membrane-only and the membrane-peptide systems do show some
differences during the simulations, most likely coming from how the intro-
duction of a peptide to the systems. Both mrs-002 and tkbs-013 showed
differences in area per lipid, membrane thickness and Sop analysis compared
to the membrane-only system, however there were also some differences be-
tween the peptides themselves. Comparing the two peptides, there were not
the biggest differences in some of the different analysis, but in total mrs-002

might be the peptide with the biggest effect on the membrane structure,
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suggesting that it is the peptide most biologically active of the two. The
difference in biological activity shown in the simulations correspond to dif-
ference in MIC tests between the two peptides. There were no data on modes
of attack for the peptides and experimental data may substantiate the mech-
anisms suggested in this thesis. There were no indication that the peptides
were biologically inactive against the membrane from the simulation, as seen
with the data provided.
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Chapter 4
Conclusion

The molecular dynamics simulations of the different systems, including only
the two peptides, mrs-002 and tkbs-013, only the lipid bilayer membrane
and the combination of the membrane and the peptides, suggests that both
peptides are biologically active against a POPE:POPG membrane.

The conformational simulations showed that the peptides did not have a
strong secondary structure, most likely from the cyclic structure and being an
extended peptide, as they consist of tryptophan and lysine. The interactions
between the mrs-002 peptide and the membrane in all three parallels suggests
that it is biologically active and most likely makes a tunnel as a mode of
attack, a known mechanism for antibacterial peptides. The tkbs-013 peptide
was also seen to be biologically active with two possible modes of attack,
either carpeting the membrane or making a tunnel, suggesting the orientation
of the peptide during the interactions being a determinant for this. The
difference between the interactions and effects on the membrane, suggests
that it is the mrs-002 peptide that most likely is more active of the two.
All analysis of the different systems was completed using VMD, plugins for
VMD and extracting and plotting data from the computed trajectory files
using python and tcl-scripting.

45
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4.1 Future work

For further studies, other cyclic hexapeptides with different amino acids may
be interesting, especially with amino acids close or similar to tryptophan
and lysine such as arginine or phenylalanine. Looking at how the linear
counterpart of mrs-002 and tkbs-013 interacts with the membrane may also

give valuable information.

There are experimental data produced that is not yet published that could
be interesting to compare with data from this thesis. Further conformational
studies and other biochemical analysis from the lab may also help uncover
imperfections with the method or system that may be important for other

similar simulations.
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Figure A.1: Conformation of the different peptides in all peptide-only simu-
lations run. All figures rendered from end of simulation.
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Figure B.1: Position and orientation of the peptides in the different peptide-
membrane simulations. All figures rendered in the end of simulation, at
260ns.
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(d) Parallel 1 of tkbs-013 + membrane
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Figure C.1: Position of the peptide in the zy-plane for the different peptide-
membrane simulations. The overview of the colours corresponding to the time

can be seen before the first plot.
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Figure D.1: Calculated area per lipid for both peptide+membrane and
membrane-only systems. This includes calculations for POPE, POPG and
for all lipids in the system over the simulation.
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Calculated average membrane

thickness during simulation
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Figure E.1: Calculated average thickness of the membrane over the simulation
period for peptide+membrane and membrane-only systems.
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Figure F.1: Calculated membrane thickness for simulation period, with vari-
ation from average shown in red and blue. The figures are calculated from
peptide+membrane and membrane-only system simulations.
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Figure G.1: Calculated Scp values for the POPE lipid in the membrane for
all peptide+membrane and membrane systems.
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Figure G.2: Calculated Scp values for the POPG lipid in the membrane for
all peptide+membrane and membrane systems.
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Figure G.3: Clalculated Scp values for all lipids in the membrane for all
peptide+membrane and membrane systems.
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