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Abstract

[Antimicrobial Peptides (AMPs)| are a group of peptides that are produced primarily

by eukaryotic organisms to fight invading bacteria, viruses, fungi, etc. Except for the
antimicrobial activity, these peptides show immunoregulatory, antibiofilm, and anticancer
activities. are interesting research objects because they are molecules, which in the
future can be a replacement for the failing conventional antibiotics. Furthermore, there are
known cases in which antimicrobial peptides are part of the longer and bigger proteins.
After cleavage of these large proteins, the actual are released in the environment.
We can exploit this property to find cheap and easy ways to mass produce [AMPs] In
this work the space of is explored for the presence of such peptide sequences and
their activity against the membrane of the Gram-negative bacteria Escherichia coli is
researched.
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Chapter 1

Introduction and Overview

Goals of the project

The current project has the aim of finding sequence motifs that have high occurrences
in the currently known sequences present in the annotated databases. These
sequences will then be used to search for more putative antimicrobial sequences
amongst sequences that are not annotated. The focus of the project will be
sequences that are reported to act on the membrane of the microbial species. The
ones that are found most interesting will be analysed for their action on a model of
a bacterial membrane.

1.1 Antimicrobial Peptides

are a class of peptides synthesised by a wide range of organisms. In the
beginning, it was believed that are limited to the vertebrates. With further
studies, it was discovered that similar peptides are produced by nearly every group of
the living beings. These peptides have different forms and modes of action but their
common property is the destruction of invading or competitive microbial species

Advantages and disadvantages compared to conventional antibiotics Dis-
tinctive advantages of the are the ability to kill microbial species within a short
time frame. Most of the are believed to employ more than one mechanism of
action against the same target, which makes developing of resistance more difficult. A
distinct disadvantage of the from an industrial perspective, is the complicated
and costly production of such peptide entities.

1.1.1 General Overview of Antimicrobial Peptides

As already stated, [AMPg also known as host defence peptides, are a group of
peptides synthesised by invertebrates and vertebrates. Recently, plants, fungi and
even bacteria have also been found to synthesise These peptides, with a few
exceptions, have modest direct antimicrobial activity against different kinds of Gram-
positive and Gram-negative bacteria, viruses, fungi, and protozoa. Some have
also shown activity against insects and some cancer cells [1]. Moreover, they have
immunomodulatory properties that are connected to the innate immune system: anti-
infective and anti-inflammatory activity, increasing chemokine production, adjuvant
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and enhancing wound healing and angiogenesis, exert pro- and anti-apoptotic effect
on different immune cell types [1}, 2, [3].

1.1.2 Structure and Classes of AMPs

There are many different kinds of [AMPg including defensins, magainins, cecropins,
cathelicidins, etc [3]. This diversity is based upon their modes of action, structures
and bioactivities. Most of the have no distinctive structure in aqueous solution,
but adopt an amphipathic conformation in the presence of biological membranes
[2]. The different structures add to diversity in the modes of action. In general, the
initial affinity between the and structures of the microorganism is attributed to
electrostatic attraction between anionic molecules on the target surface and cationic
residues of the [AMP] In spite of the lack of precise definitions of the mechanisms
by which work, there are two main arms of theories. The first arm consists
of models connected with membrane disruption and the second, models associated
with intracellular targets.

1.1.3 Targets of AMPs and Modes of Action

Bacterial Membrane

Membrane-disruptive models include barrel-stave, toroidal-pore, aggregate, detergent,
carpet and sinking raft models. In the heart of these models is the idea that the
form kind of a pore or disrupt the cell membrane of the target cell. This
leads to three possible outcomes: formation of a transient channel, micellization or
dissolution of the membrane, or translocation of the peptide across the membrane
[4]. This can lead to leaking of cell constituents out of the cell or disruption of the
intrinsic properties of the cell membrane and the cell wall. Finally, these changes
result in the dead of the cell.

Barrel-stave Model The barrel-stave model was first proposed by Baumann
and Mueller [5], Boheim [6], Ehrenstein and Lecar [7] for the mode of action of
Alamethicin and its analogues members of the peptaibol family of [AMPs The
model was additionally refined by Laver [§]. This model predicts that short, rod-like
peptides with a-helical structure self-assemble on the lipid surface. In the presence
of an electrical field, the rod-like peptides insert themselves in the membrane and
line a cylindrical, electrolyte-filled pore. The name of the model comes from the
similarity of the pore that is formed like a barrel with the peptides aligned at the
edge of the pore, like staves. The alamethicin pores can contain between 3 and 11
peptides and have on average inner diameter of 1.8 nm and outer diameter of 4.0 nm
[9, (10, 11]. The model predicts that the peptides should be amphiphilic with the
hydrophobic parts facing the interior of the membrane and hydrophilic parts lining
the interior of the channel. There is experimental evidence that alamethicin, the
cyclic decameric cationic peptide gramicidin S [4], pardaxin and the a-5 segment of
Bacillus thuringiensis §-endotoxin [12] follow this mechanism.

Toroidal-pore Model The toroidal-pore model, to a lesser extent known as
wormhole model, predicts that antimicrobial peptide helices insert themselves in
the membrane, forcing the lipids to bend and open a whole in the membrane. In
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this model, the monolayers bend continuously and there is no contact between the
peptides and the interior of the membrane. The pore is lined by both lipid head
groups and then a layer of peptides, which is perpendicular to the membrane [4].
This model differs from the barrel-stave model as the peptides are always associated
with the lipid head groups. This shields them from eventual electrostatic repulsion
between the positive charges of the peptides when they are inserted in the membrane
as in the barrel-stave model. This kind of pores is believed to be formed by protegrins,
melittin, magainins, MSI-78 (a synthetic analogue of magainin-2) [13] 14} [15] [11],
LL-37 [16]. Magainin pores, in comparison to alamethicin (barrel-stave model), are
larger and have more variable pore size. The inner diameter is from 3.0 nm to 5.0 nm
and the outer diameter ranges from 7.0 nm to 8.4 nm. Each pore is formed by 4 to 7
molecules and around 90 lipid molecules [13] [14] [15] [11]. Variations of this model
are the disordered-toroidal pore model [17], "huge toroidal pore” [I8| [19, 20] and the
chaotic pore model [21], 22].

Aggregate Model The aggregate Model was proposed by Wu et al. [23]. In
this model the peptides insert themselves in the membrane, forming micelle-like
aggregates with the lipids. This leads to the formation of channels with different
sizes and shapes. The model bears some resemblance to the toroidal-pore model but
here the peptides don’t adopt any particular orientation. It can explain membrane
permeabilisation and membrane translocation for several peptides, e.g. polyphemusin
[].

Carpet Model The idea of the model is that the cationic peptides cover the
surface of the bilayer attracted by the negative charges of the lipid heads. Upon
reaching a threshold concentration, a general disturbance of the bilayer by the
peptides in a detergent-like manner leads to the formation of micelles [24 25| [16].
The peptides are oriented parallel to the membrane surface until they start disrupting
the membrane curvature, thus leading to the formation of putative toroidal-like pores
and micellization, and finally to the creation of holes in the membrane. Peptides
believed to act in this manner are Dermaseptin S, cecropins |26} 27], mellitin, caerin
1.1, ovispirin, Trichogin GA 1V, LL-37 [11], 12].

Detergent Model The detergent model is a variation of the carpet model [2]. It
explains the action of by describing them like detergent molecules. These
detergent-like molecules have specific interactions with the lipid membrane, especially
after reaching [Critical Micelle Concentration (CMC)| For the amphiphilic peptides,
we cannot talk about in the complete sense of the term, but it is known that
they can exist as oligomers that can have properties different than the monomeric
molecules. The model postulates that depending on the peptide and lipid composition
of the membrane the interaction between the two might lead to the disintegration of
the membrane.

Sinking raft model In this model, the peptides are supposed to form oligomers
that sink in the interior of the membrane and then emerge on the inner side of the
membrane. The model was devised to explain how some peptides traverse the bilayer
without changing their orientation to perpendicular with respect to the membrane.
The oligomers are believed to turn with their hydrophilic sides towards each other,

4
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leaving their hydrophobic parts facing the membrane. In that conformation, they
traverse the entire bilayer and appear on the inside of the cell membrane [28| 29] 30].

Proteins that may employ similar kind of actions are d-lysin [30] and cecropin A
[28, 22].

Intracellular Targets

Apart from their activity against the membrane, it is believed that some have
an effect on intracellular processes. Once inside the cell, these peptides have a wide
range of different targets. Interfering with the constituents of the cell might lead to
flocculation of intracellular contents, alteration of cytoplasmic membrane septum
formation, inhibition of cell-wall synthesis, binding to nucleic acids, inhibition of
protein synthesis and enzymatic activity [11},2] It is important to note that even when
the peptides are not directly acting on the membrane they still need to cross it in
order to reach their targets [4]. Some authors even propose the idea of "multitarget”
mechanism [31] in which one highly cationic peptide can bind and interact with the
membrane and several anionic molecules inside the target cell. Besides this, it is
proposed that different peptides may have different modes of action depending on
the peptide concentration, target species, tissue localisation and growth phase of
the bacteria. This hypothesis is in correlation with the fact that it is difficult for
the pathogens to develop cationic-peptide-resistance [32]. Furthermore, it has been
suggested that can modulate the activity of some autolysins [33] and host-
derived phospholipases [34], activating these enzymes and leading to lipid damage.
Such synergetic activity can have an important role in the innate immune response
[11], 135].

1.1.4 Classes of Particulate Interest for This Work

Cecropins

Cecropins are a family of cationic a-helicalAMP4initially isolated from the hemolymph
of the Hyalophora cecropia moth [36, [37]. It was then found in other insects - Lepi-
dopteran and Dipteran. Later, a mammalian cecropin - Cecropin P1 was isolated

from porcine intestines [38]. The family consists of 30 to 39 amino acids long peptides

with high positive charge. They are very potent antibacterial agents, both against

Gram-positive and Gram-negative bacteria. The mammalian analogue Cecropin P

is as potent against Gram-negative but has reduced activity against Gram-positive

bacteria [27].

The cecropins are believed to act on the cellular membrane by the carpet model [27,
39] but there is also evidence that they affect intracellular processes and transcription
in E. coli in subinhibitory concentrations [40, [2]. They are induced upon infection [39)
and act as broad-spectrum antimicrobials against organisms with anionic membranes,
including fungi [41]. Most of the cecropins demonstrate random-coil structure in
aqueous solution but form an amphiphilic a-helix, with a hinge in the middle, when
cell or model membrane is present [12), 20].

There are two interesting facts about them. The first is that all-D-cecropins,
cecropins with inverted (retro) sequences and inverse-D-cecropins (retro-enantio)
retain the antibiotic activity of the original molecule [42] 43, 44]. Secondly, their
genes are subject to fewer mutations than the rest antimicrobial peptides [45].

5
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Figure 1.1: Mechanisms of bacterial action. Taken from Jenssen et al. [4]. A -
aggregate model, B - toriodal-pore model, C barrel-stave model, D - carpet model,

E-I - intracellular targets
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Bacteriocins

Bacteriocins are another family of mostly cationic, membrane-permeabilising peptides,
varying in length between 26 and 60 amino acids. They are primarily synthesised
by bacterial species, but similar peptides are found in plant and animals, including
humans, meaning that they are widely distributed in nature. Great interest for the
food industry are the bacteriocins produced by lactic acid bacteria. These bacteria
are widely used in food fermentation, especially in dairy products. This makes
them potential target compounds for food preservatives and therapeutic agent for
gastrointestinal infections. One example for such peptide is the Nisin [46] 47].

A group of interest for the current work is class Ila bacteriocins and in particular
pediocin-like peptides. They have highly conservative hydrophilic and charged
N-terminal having a disulphide bridge and a common YGNGV /L sequence. The
C-terminal is more variable and amphiphilic in nature [48]. They have strong anti-
Listeria activity and kill by permeabilizing the cell membrane [49, 50]. An important
aspect of their properties, from a technological perspective, is their thermostability
and the retention of activity at a wide range of pH values [48].

Cathelicidins

This family encompasses mammalian having a common, highly conserved
proregion, called Cathelin, and a variable C-terminal antimicrobial domain [51], 52].
As most they have a positive charge, this is especially true for the C-terminal
domain. They are present in most domesticated animals like pigs, goats, cattle,
sheep and also in laboratory animals like mice [53]. Cathelicidins are stored in the
cytoplasmic granules of neutrophil leukocytes and are released upon activation of
the cells or they are secreted by epithelial tissue [54]. In order to release the mature
peptide, a proteolytic cleavage separated the N-terminal cathelin domain from the
C-terminal active peptide [4]. Some of them assume a-helical conformation, may
or may not contain disulphide bonds and some of them are rich in proline, arginine
and tryptophan [51]. In humans, they are some of the most important [AMPs Their
absence leads to very severe negative effects for the host [55].

Cathelicidins are potent [AMPs The porcine-derived PR-39 is reported to
effectively kill bacteria by stopping their [Deoxyribonucleic acid (DNA)|and protein
synthesis [56, 20]. In broth microdilution assay, human-derived cathelicidin LL-37
shows considerable antimicrobial potency with [Minimum Inhibitory Concentration|
of less than 10 pgmL ™! against a wide range of Gram-positive and Gram-
negative bacteria, even in high salt concentration (100 mmoll™' NaCl). Other
clinically important bacterial species like methicillin-resistant Staphylococcus aureus
and the fungi Proteus mirabilis and Candida albicans were resistant at high salt
concentration but were susceptible to the antimicrobial activity in low-salt media.
Cathelicidins are known to change their activity depending on the salt concentration
[57, 58]. In Escherichia coli, LL-37 is reported to permeabilised both the inner and
outer membrane, and to bind to |Lipopolysaccharides (LPSs)|cooperatively with high-
affinity [59]. Moreover, Candida albicans hyphae have been treated with fragments
of LL-37. As a result, they changed their appearance and the filamentous growth
was mostly stopped. The peptide fragments changed the membrane permeability
characteristics and are even believed to have activated reaction oxygen species
production [60].
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Apart from their antimicrobial activity, some of them promote wound healing,
by inducing synthesis of syndecans [61]. PR-39 can alleviate myocardial damage
after experimental ischemia in rodent models [52] and induce angiogenesis [62]. The
human-derived LL-37 is also multifunctional. It stimulates chemotaxis [63] by acting
as a receptor ligand [64]. LL-37 is also able to neutralise the action of [51] and
reduce the levels of [Tumor Necrosis Factor (TNF)|in macrophages [65]. Furthermore,
cathelicidins are known to induce the transcription and release of chemokines [66]
and the release of histamine by mast cells [67]. Both of this processes supporting the
recruitment of different cells of the immune system [6§].

1.2 Peptide Databases

Nowadays, there are many sequence and structure databases. The most prominent
protein database is UniProt [69] (http://www.uniprot.org/) for sequence and
annotation information and RCSB PDB [70] (http://www.rcsb.org) for structural
information. Both of these databases are used in the current project in order to
extract information about the antimicrobial peptides. Table gives and overview of
the databases and web resources that are available today. Unfortunately, most
of these specialised databases are outdated and with limited support and functionality.
For further review please refer to Torrent et al. [71], Aguilera-Mendoza et al. [72], Liu
et al. [I] and https://omictools.com/antimicrobial-peptide-data-category.


http://www.uniprot.org/
http://www.rcsb.org
https://omictools.com/antimicrobial-peptide-data-category
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1.3 Molecular Dynamics of AMPs

1.3.1 Overview of Molecular Dynamics of Biomolecules

IMolecular Dynamics (MD)| simulations are proven and tested method for gathering
information about atomic and molecular interactions. They are giving an unprece-
dented level of detail about the structure of molecular species. And all of this without
ever walking in the laboratory or using any expensive materials and reagents.

Despite these advantages, have certain drawbacks. One of them is the
required computational infrastructure. In order to do complex simulations, having a
meaningful time span, researchers require fast and powerful computers. Furthermore,
running and analysing complex computer simulations require careful consideration
and verification that the results are not unphysical artefacts. This requires expe-
rienced staff and can very well be beyond the capabilities of every research lab or
experimental scientist [95].

All-Atom Molecular dynamics

In all-atom simulations, the approach is to represent each and every atom with
an interaction site. This interaction sites or particles have certain mass and volume
and their interactions with the rest of the system are governed by an empirical force
field. These force fields are the model that governs the simulation. They are the
set of potential energy functions that are used to approximate the molecular energy
surface. For example, Class I additive potential energy functions have the form:

UR) =Y Kylb—b)*+ Y Ko(©@—00)*+ Y K, (1+-cosny—0)

bonds angles dihedrals
. 12 . 6
Rmin,; Rmin,; qiq;
2 7, 7 7
+ > Kmple—¢o)+ > <€z’j <T—J B T—] +#
impropers nonbond v v v

(1.1)

These kind of equations are similar to those used in early force fields and are still
in use in some force fields today. They express the relation of structure R to the
potential energy U and are approximations to the potential energy landscape of the
system.

Empirical force fields, based on these rules, are many. Some of the most widely
used are CHARMM [96], AMBER [97], OPLS-AA [98], etc.

CHARMM Force Field CHARMM is an additive force and has one of the most
extensive coverages of the chemical space. It supports proteins [96, [99], nucleic acids
[100, 10T, 102], lipids [103] 104}, 105], carbohydrates [106} 107, [108] [109]. Furthermore,
it has an extension to cover more of the chemical space, especially compounds common
in medicinal chemistry called CHARMM General FF (CGenFF) [110]. With this
force field researches were able to fold some small proteins from completely unfolded

12
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to native state [I11]. The force field has the following functional form:

UR) =D Kylb—b)>+ > Ko(®@—00)*+ > Kyp(S—=5)

bonds angles Urey—Bradley
+ Z K, (14 cosny —9)+ Z Kimp(¢ — ¢o)?
dihedrals impropers

+ Z { EZ”"

nonbondedpairs

Bming \* - ( Rming\*| | a0;
rij rij 67"1‘]‘
+ Y Uomar(d, ) (1.2)

residues

This potential energy function is based on fixed charges. All internal terms are
taken to be harmonic with exception of dihedral angle term, which is a sinusoidal
expression. In the Urey-Bradley term, S is the distance between atom A and C in
configuration A-B-C and is used in special cases. In the improper dihedral angle
term, w is the (pseudo)-dihedral angle defined by A-B-C-D, when atoms A, B and D
are bonded to a central atom C. Both of these terms, Urey-Bradley and improper
dihedral, are used to optimise the fit of the energy function to vibrational spectra and
out-of-plane motion. Non-bonded interactions are included between atoms with point
charges ¢; and ¢; and the [Lennard-Jones (LJ)| potential has the 12-6 form. These
interactions are calculated for all pairs of atoms within the user specified cut-off
distance [112]. The latest implementation of the force field is the CHARMM36.

CHARMM36 Force Field As accurate force field parameters are essential for
good simulations, all force field authors are trying constantly to improve them.
The C36 version improves significantly the representation of the potential energy
surface of proteins by two major corrections. First, the backbone [Correction Map|
potential was refined against a range of data for dipeptides and experimental
data on small peptides such as hairpins and helices. Second, the side-chain dihedral
potential was optimised against quantum mechanical energies from dipeptides and
NMR data from unfolded proteins. Further small improvements include revision
of the potential for aliphatic hydrogen, improved treatment of parameters for
guanidium ions and new parameters for tryptophan.

As a result, the current version has several advantages. It corrects the propensity
of the previous version (C22) to overstabilise helices. It also brings a significant
improvement to torsion angles for both folded and unfolded proteins [99]. The final
refinement of C36 is the C36m force field.

CHARMM36m Force Field The CHARMMS36m brings improvement to the
backbone potential. With this improvements, it is able to better simulate
intrinsically disordered peptides and proteins. This refinement brings optimisation
to the [CMAP| potential and improved modelling for guanidinium and carboxylate
salt bridges [113].

Coarse-Grained Molecular Dynamics

Coarse-grained systems take several atoms of the original structure and replace them
with a particle (bead) that represents their overall properties. Doing that reduces
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considerably the degrees of freedom of the system. This speeds up computations
tremendously because most of the algorithm used in are not scaling well. There
are different |Coarse-Grained (CG)| force fields, with a variety of coarse-graining
methodology, based on the question asked. For example, the UNRES [114] is a
force field used to model interactions involving amino acid side chains. The OPEP
force field [115] and the force field from Bereau and Deserno [116] are used for
protein folding, protein structural and aggregation studies. Two other widely used
biomolecular force fields are the PACE force field [117] and the MARTINI force
field [118] 119, [120]. For further reading about the topic please refer to Barnoud and
Monticelli [121].

MARTINI Force Field The MARTINI force field is maybe the most widely used
and thoroughly tested of the [CG| models. It uses 4-to-1 mapping. This means that,
in general, every bead represents 4 heavy atoms (4 atoms and the hydrogen
atoms bonded to them). In the case of ring systems, the authors of the force field
found this mapping is inadequate and used different finer mapping. For example,
2-to-1 mapping in the benzene molecule [118]. In the beginning, this force field
was designed and parameterized to study lipids and lipid interaction but was later
enhanced with parameters for proteins, as of version 2.1 [119]. Further improvements
on the force field were implemented with version 2.2, with reparametrizing some
of the amino acids [120]. In the same time, more major classes of molecules were
added to the force field: carbohydrates [122], polymers [123| 124, [125], DNA [126],
polyelectrolytes [127] and the work on RNA is in beta phase, according to the website
of the group, developing the force field http://cgmartini.nl/.

There is a total of 18 beads in the model. The four main bead types, according to
their polarity, are polar (P), non-polar (N), apolar (C) and charged (Q). Every one
of these main types may have a subtype based on its hydrogen-bonding capabilities:
donor (d), acceptor (a), donor-acceptor (da) or none (0) or the degree of polarity
represented by a number from 1 (low polarity) to 5 (high polarity)

Non-bonded interactions The non-bonded interactions are described by a
potential with the form 12-6:
g 12 i\ 6
Uns(r) = e | (Z2) = (22) 1.3
LJ (7”) €ij |: ” r ( )
The well-depth ranges from €;; = 5.6 kJ mol ™! for interactions between strongly polar
groups and €;; = 2.0kJmol™! for interactions between polar and apolar groups. The
effective size of all particle types is governed by the [LJ| parameter o = 0.47nm. An
exception to this parameters are the particles in a ring-like structure. For these
particles o = 0.43nm and ¢;; is scaled to 75% of the normal value.
In addition to the [LJ potential, charged particles of type Q interact with shifted
Coulombic potential energy function:
4iq;
U, = —— 1.4
((r) dmege,r (14)
Here the relative dielectric constant is equal to € = 15 for non-polarisable water

or ¢ = 2.5. For further information about the different types of interaction and

interaction matrix, the reader is referred to Marrink et al. [I18], Marrink and Tieleman
[12§]
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Bonded interactions Bonded interactions are described with standard energy
functions common to all force fields. These include harmonic bond and angle potential,
and multimodal dihedral potential. Weak harmonic potential governs the bonds:

1
%ond(R) = §Kbond(R - -Rbond)2 (15)

The equilibrium distance is Rp,ng = 0 = 0.47nm and a force constant is Kpppg =
1250 kJmol~! nm~2. Furthermore, the potential is excluded between bonded
beads.

The angles are represented by a weak harmonic potential of the cosine type:

1
Vangle(©) = EK}mgle{cos O — cos Op}? (1.6)
For aliphatic chains the model uses force constant K,pg. = 25kJ mol~! and equilib-
rium bond angle ©y = 180°. With cis double bond K,y = 45kJ mol~! and Oy =
120°. For additional non-bonded parameters, please refer again to Marrink et al.
[11§]. For Bonded and non-bonded parameters of the proteins refer to Monticelli
et al. [119].

Water representation - Polarisable vs. non-polarisable In the standard
MARTINI model, the mapping of the water molecules follows the 4-to-1 mapping,
used for the rest of the molecules. In this case, 4 water molecules are represented by
1[CG] bead. These beads have no electrostatic charge. This means that they are not
feeling any electrostatic fields and do not experience any polarisation effects. In order
to replicate the electrostatic interactions of all-atom water models a uniform relative
dielectric constant with a value of € = 15 is used. Because of the implicit screening,
brought by this approach there are artefacts when a polar or charged compound is
partitioning into a low dielectric medium, like a lipid bilayer. In the MARTINI force
field, two approaches for the introduction of polarizable water model are implemented.
The widely used polarizable model of Yesylevskyy et al. [129] and the
Water (BMW )[model of Wu et al. [I30]. The former model adds two charged particles
(WP and WM) connected to the central water bead (W) and are constrained by the
distance [ = 0.14nm to the central bead. The two charged particles bear opposite
charges ¢ = +0.46 e. They have no [L]] interaction with the rest of the particles and
therefore can only take part in Coulomb interactions. The position of the particles
compared to one another is governed by a harmonic angle potential with equilibrium
angle © = 0° and force constant Kg = 4.2kJmol™! rad™2. Furthermore, every two
particles connected to the same central bead are not feeling each other’s charges.
The dipole momentum depends on the distance between the particles, which can
range from 0 to 2[. It appears that this model has taken precedence and is more
widely used. Moreover, this model is the one that can be downloaded from the official
website. For further information about this model please refer to Yesylevskyy et al.
[129] The second approach describes the 4 all-atom water molecules with one central
site - having a charge of ¢ = —2 e, and two additional sites with ¢ = 1e. The two
additional sites are constrained to [ = 0.12nm from the central site (bead) at an
angle of © = 120°. As in the other model, only the central bead has non-Coulomb
interaction with the rest of the system. This interaction is modelled after a modified
Born-Mayer-Huggins potential. For further reference see [130]
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Recently, a refined polarizable Martini water model was developed. This model
is named refPOL and is designed specifically to be used with long-range electrostatic
methods like [Particle-Mesh Ewald (PME)| In this new model, the structure of the
polarizable water remains the same, but the charges of the PW and WM particles and
the self-interaction between the W beads are reparametrized. This reparametrization
brings slightly better results for the mass density and dielectric constant of the water
model, especially at T =300K [I31]. With this new parameter sets and refined
molecular dynamics parameter options for use with accelerated |(Graphics Processing]
elaborated by De Jong et al. [132] and further by Michalowsky et al.
[131], a man can get an increase in performance and accuracy of the simulation.

Coarse grained back mapping

In order to increase the resolution of the system and get more information from
the [CG] model, many researchers are employing inverse mapping. Other terms are
backmapping or reverse transformation. This is reversing the [CG] structure back to
all-atom structure and continuing the simulation for a short time with this all-atom
topology. In other words, we are letting the system to evolve in [CG| and when we
want more information about the interactions that are happening we are turning
to the wealth of information an all-atom simulation can give us. This reversing to
an all-atom model can give us great details, especially in protein-lipid and protein-
protein interactions. There are two steps to the process. In the first step, an all-atom
structure is devised from the [CG] structure. In the second step, the resulting all-atom
structure is relaxed in order to get a structure ready for a simulation. Depending
on which step is emphasised, there are two main approaches to the problem. The
first is using a very reliable formation of initial structures from the [CG| This is done
using molecular fragments that come from databases and use statistical scores for the
fragments. In most cases, this gives a near-optimal configuration but requires a large
database containing enough atomistic fragments and correspondence between the
fragments in the database and the structure. The second approach is based on using
approximate conversion, based on geometrical considerations and rules or randomly
placing the atoms in the vicinity of the corresponding [CG| beads. This approach is
more versatile but requires a subsequent energy minimization and relaxation [133].
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Chapter 2
Methods

2.1 Motif Discovery

2.1.1 Protein Database

For the purpose of this master thesis project, the UniProt database was used.
UniProt has an intuitive and easy to use interface. Also, it is thoroughly annotated
and reviewed. One feature that came to be very handy for the current project is the
keywords annotation. As stated in UniProt help manual: "UniProtKB Keywords
constitute a controlled vocabulary with a hierarchical structure. Keywords summarise
the content of a UniProtKB entry and facilitate the search for proteins of interest.”

[69].

Antimicrobials Bacteriolytic

Enzymes

*Total: 2874 *Total: 883

Total: 219
sLeft: 133 sLeft: 446

eLeft: 202
*PDB: 31

*Total: 392
sLeft: 16

*PDB: 15 *PDB: 33 *PDB: 2

Antibiotics

Lantibiotics

Total: 2077
eleft: 1913
*PDB: 179

*Total: 41
eleft: 41
*PDB: 9

eleft: 123

eTotal: 164
*PDB: 32

Figure 2.1: Priority order. The numbers represent: Total - the total number of
records under the keyword, Left - number of records left after removing the records
belonging to keyword with higher priority, PDB - number of records that are left
after removing records belonging to keyword with higher priority and also have a
PDB cross-reference.

2.1.2 Workflow

Figure is a flowchart of the process used for finding the motifs. The first step is to
download all of the records under each of the keywords. Downloading is done using
the Biopython ExPASy interface which is part of the SeqlO submodule of Biopython
version 1.68. After that, the sequence in every record is trimmed, to the part
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that is within the CHAIN annotation. If no CHAIN annotation is present, the
PEPTIDE annotation is used for the same purpose. Next, all records are separated
according to the existence of PDB (3D structure) cross-reference. If the record has a
PDB cross-reference, it goes in the first pool of records.

In the first pool, for every record, a vector of structure features is created. This vector
includes the length of the sequence, the percentage of each of the three secondary
structures: alpha helix, beta sheet and turn and the number of disulphide bonds.
So, a vector of five elements is created for every record. An [Unweighted Pair Group|
IMethod with Arithmetic Mean (UPGMA )| tree is constructed based on this features
vector. In this tree, every leaf is a UniProt record. In the next step, a recursive
traversal of the tree is done, using a depth-first search. At the current node, all the
sequences, of the records that are under this node, are aligned.

The alignment is done using T-COFFEE software suite [135] version 11.00.8cbe486.
Two substitution matrices and four methods are used. The substitution matrices
are Blosum62 and Blosum40, and the methods are PSI-COFFEE, Local Alignment
(as implemented in T-COFFEE), M-COFFEE and standard T-COFFEE alignment.
PSI-COFFEE associates each sequence with a profile of homologous sequences and
then aligns the profiles. M-COFFEE is a meta-aligner that uses eight different
aligners: ClustalW, POA, MUSCLE, ProbCons, MAFFT, Dialing-T, PCMA and
standard T-COFFEE. The final alignment is a combination of all methods. For
further information on each method refer to the T-COFFEE User Manual [136].
When all alignments are ready, the best one is determined using the trimAl tool [137].
Then, every single pair of sequences in this alignment is evaluated for similarity. If all
of the pairwise similarities are above 20%, the records corresponding to the sequences
form a new cluster. This cluster is then used to form a group. Else the traversal
continues with the children nodes of the current node. If the traversal continues,
without finding a cluster, until it reaches a leaf (UniProt record), then this single
record forms a group of its own.

The result of the traversal is a list of groups. Some of them have a single record for a
seed, others a cluster. By a seed, we mean the starting entity from which the group
was formed. The next step is to extend each group. For the purpose of this project,
an extension of a group will mean to add additional records to the group based on
BLAST search [138]. For the groups, that stem from a single record a protein-protein
BLAST (BLASTP) is used [139]. If the group stems from a cluster of records, then
PSI-BLAST is used [140]. In both cases, the search is against a BLAST database
containing all records that don’t have PDB (3D) reference. After all of the groups
are extended, the motif search begins. For that purpose, the MEME SUITE version
4.11.2 for motif discovery and searching is used [141]. In particular, the program
Multiple Em for Motif Elicitation (MEME)| [142]. The settings for are to
find the best 8 motifs in each group, given that their E-value is above 0.005. If there
are fewer than 8 motifs with this E-value, then MEME] will return fewer motif hits.

This process is repeated for all of the keywords. Because most of the records are
under more than one keyword, every keyword has a priority. The order is shown
schematically in fig. 2.1} It begins with the keyword furthest away from the root
keyword - Lantibiotic. Lantibiotic is also the only level 3 keyword. Then continues
to the parent keywords - Bacteriocin (level 2) then Antibiotic (level 1). After that,
it goes through the rest level 1 keywords: Defensin, Bacteriolytic enzyme, Fungicide.
In the end, it finishes at the parent node - Antimicrobial.
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Figure 2.2: Flowchart of the process used for finding the motifs.
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2.2 Searching in UniRef

Next part of the thesis project was to find occurrences of the motifs, found in the
previous step, in sequence clusters from the UniRef database with 90% identity.
For this search first, the motif groups are filtered for Keyword by excluding all
Bacteriolytic enzymes. This is done because we are primarily interested in peptides
acting on the bacterial membrane by a non-catalytic mode of action. The motifs
are then filtered to a maximum length of 40 amino acids and disulphide bonds
for the group not more than two. The motifs, that are left, are sorted by the
number of occurrences in the set. The four top motif groups are then used to find
the occurrences of the motifs in the UniRef90 database. The [Motif Alignment &
ISearch Tool (MAST)| program from the Suite was used. The UniRef90
database was downloaded from UniProtKB ftp server in fasta format. All records
of clusters containing sequences with amino acids ambiguity codes (like B and Z)
or unknown (X) were excluded from the fasta file, using an in-house Python script.
In an E-value of maximum 1 was used for showing an UniRef90 cluster in
the output. Furthermore, the sequence p-values were used (option -seqp) instead
of the default position p-value and the p-values and E-values were adjusted for
sequence composition of every sequence (option -comp). For further elaboration on
the options please refer to the reference manual at http://meme-suite.org. The
results in XML format were imported in Microsoft Excel. Every table was sorted by
the number of motif hits and the top sequence clusters will be used to find sequences
containing the antimicrobial motifs more than ones.

2.3 Molecular Dynamics

Four representative structure, one for each motif group, were assayed for their molec-
ular action against a membrane model of E. coli inner membrane. The simulations
are done in 2 steps. First, a [CG| with a subsequent all-atom simulation.

2.3.1 Coarse grained - MARTINI

Initially a[CG]MARTINI system [L18] was build using the Martini Maker module [143]
of the CHARMM-GUI web application [144]. The system contains six hundred lipid
molecules, with composition and ratio between the lipids in the system taken from
the works of Dowhan [145] and Picas et al. [146]. There are three classes of lipids in
the system [Phosphoethanolamines (PEs)| [Phosphoglycerols (PGs)| and |Cardiolipins|
in ratio 74:19:3. For 37 degrees Celsius the ratio between saturated and
unsaturated fatty acids chains is reported to be 1:1. In the end, the lipid composition
of the membrane is calculated for six hundred lipids (three hundred lipids in every
leaflet) - see Table The system has a water on top and on the bottom of the
system with height of 2 nmﬂ. From every group a representative peptide structure
is downloaded in pdb format from the Protein Data Bank http://rcsb.org. If for
some of the groups the structure, for the entire peptide, is not known, the SWISS-
MODEL protein structure homology-modelling server [147] is used to construct 3D
structure.

"'With one exception. There are two runs with the cathelicidin LL-37, one of which is with 4nm
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Lipid species ‘ Number of lipid molecules
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)| 81
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)| 75
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE)| 75
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)| 22
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG)| 19
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG)| 19
1’, 3"-Bis-[1-palmitoyl-2-vaccenoyl-sn-glycero-3-phosphol-sn-glycerol (PVCL)| 9

Table 2.1: Lipid composition of each of the leaflets of the E. coli inner membrane
mimicking system

The pdb file is converted to MARTINI [C structure and topology using the
CHARMM-GUI Martini Maker. The protein is then inserted, at a random position
in a 4 by 4 grid, 1.5nm above the membrane upper leaflet. The boundary of the
membrane is defined as the average Z position of the phosphate groups of the lipids.
The insertion is done using the GROMACS version 2016.3 [14§] insert-molecules
module. The lipid to protein ration is 50:1, i.e. every simulation system has twelve
protein molecules. Electrostatic forces are simulated with Fast smooth [PME] The
distance cut-off is 1.1 nm and Potential-shift-Verlet Coulomb modifier is applied. The
relative dielectric constant is set to 2.5 because we use polarisable water model with
MARTINI. [Van der Waals (VAW )| forces are simulated with Twin range cut-offs with
neighbour list cut-off and cut-off. As for the electrostatics a Potential-shift-
Verlet modifier is applied and cut-off 1.1 nm. These settings are in accordance
with the one recommended in MARTINI website for newer versions of GROMACS
[132].

The system is energy minimised in two steps. The first is soft-core steepest
descent minimisation and then normal steepest descent minimisation. The energy
minimised system is run through a single NPT equilibration step. The equilibration
step is followed by a production run with a length of 2 s E| (see table for more
information on the settings).

Step ‘ Ensemble Time step [fs] Duration [ns] T-coup tau-T ref T [K] P-coup tau-P Compressibility ref P [bar]
Soft-Core Minimization NA NA NA NA NA NA NA NA NA NA
Minimization NA NA NA NA NA NA NA NA NA NA
Equilibration NPT 20 10 v-rescale 1.0 310.15 berendsen 5.0 3e-4 1.0
Production run NPT 20 2000 v-rescale 1.0 310.15  Parrinello-Rahman  12.0 3e-4 1.0

Table 2.2: Molecular dynamics parameters for course-grained simulations

backwards.py - Reverse Transformation Script

The research group behind MARTINI force field has designed a script using the
second approach, for reverse transformation, and made it publicly available on the
force field website. The script uses geometrical rules to place the atoms in certain
positions in the vicinity of the [CG] beads. The position of the atoms can be tuned
my changing the corresponding beads in a special map file the script uses as an
input. The format of the map files is documented in the website. Every molecule
needs one mapping file to fully describe the transformation. The script also has
an option for a target force field topology file. With this topology provided the

2Note all systems were running for this amount of time. Check section
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script is capable of including atoms that are not listed in the mapping file. This is
accomplished by placing the missing atom within a small random spatial displacement
in comparison to the previous atom. To avoid overlapping atoms there is a small
random displacement, the magnitude of which can be adjusted by the user, for every
atom in the structure. A graphical representation of the backmapping is provided in
fig. 2.3

The final frame of every [CG] structure is then converted to an all-atom represen-
tation of the system.

2.3.2 All atom simulations

CHARMM36m [113] force field is used for the all-atom simulations. The protein
topology files are build using GROMACS pdb2gmx utility from the original all-
atom representation of the peptide. The topology files for the lipids are taken from
CHARMM-GUTI All-Atom Converter from the Martini Maker Module. Unfortunately,
there were a few problems with the Automatic All-atom converter at CHARMM-GUI
website and it was not used for the backmapping. Firstly, it is not converting back
the [CDL] molecules at their original position. Maybe, there is a problem with the
mapping files at the site. That is why a new mapping file, for backward.py, was
written. The file backmaps generic molecule from MARTINI to molecule,
for which we have CHARMMS36 topology file from CHARMM-GUI web portal. The
all-atom simulations are then passing energy minimisation, 2 NVT and 4 NPT
equilibration runs. Table [2.3| shows the parameters for each equilibration run. The
equilibration is followed by 20 ns production run E[ Positional and dihedral restraints
were applied for the energy minimisation and equilibration runs. For the lipids the
position restrains are applied on the phosphate group and dihedral restraints are
applied on the glicerol head groups and on the double bonds of the fatty acids, if
present in the lipid. The values can be seen in table and are implemented as in
CHARMM-GUI output files. For the proteins only position restrains are applied,
as provided by pdb2gmx, with a value of 1000 kJ mol~! nm~2 and are not changed
between the equilibration steps.

Step ‘ Ensemble Time step [fs] Duration [ps] T-coup tau-T  ref T [K] P-coup tau-P Compressibility ref P [bar]
0 Energy Minimization NA NA NA NA NA NA NA NA NA NA
0 i NA NA NA NA NA NA NA NA NA NA
1 NVT 1 25 Berendsen 1.0 310.15 None NA NA NA
2 NVT 1 25 Berendsen 1.0 310.15 None NA NA NA
3 Equilibration NPT 1 25 Berendsen 1.0 310.15 Berendsen 5.0 4.5e-5 1.0
4 NPT 2 100 Berendsen 1.0 310.15 Berendsen 5.0 4.5e-5 1.0
5 NPT 2 100 Berendsen 1.0 310.15 Berendsen 5.0 4.5¢e-5 1.0
6 NPT 2 100 Berendsen 1.0 310.15 Berendsen 5.0 4.5¢-5 1.0
7 Production run NPT 2 20000 Nose-Hoover 1.0 310.15  Parrinello-Rahman 5.0 4.5e-5 1.0

Table 2.3: Molecular dynamics parameters for all-atom simulations

2.3.3 Analysis

Several properties are calculated for both types of simulations. For the[CG]simulations
these are area A and area per lipid A;. The area per lipid is calculated by dividing
the total area A by the number of lipid molecules in leaflet A; = 3‘8;0. Partial densities
are calculated with gmx density for 4 groups:

3The reference membrane system is run only for 10ns
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Figure 2.3: Backmapping of the lipid molecules. beads are colour coded: NH3,
PO, ,C, D
. The radius of the circles does not represent the bead radius during a simulation

23



DRAFT

Step
0 1 2 3 4 5 6

Position 1000 1000 1000 400 200 40 O
Dihedral 1000 1000 400 200 200 100 O

Table 2.4: Restraints values for lipids during all atom minimisation and equilibration.
For positional restraints the values are in kJmol™! nm~2 and for dihedral restraints
in kJmol ™!

Solvent - includes water and ions

o Phosphate
o Membrane - includes all lipids
o Peptides

The box is divided into 100 slices perpendicular to the Z axis. Finally, the minimal
distance and number of contacts between the peptides and the 3 types of lipids are
calculated using gmx mindist. In order to count as a contact, the atoms of the two
molecules must be less than 0.20nm apart for all-atom and 0.5nm for [CG| The
analysis for both [CG| and all-atom simulation is done in the same manner. For
the reference system, without peptides, the analysis of the peptides is omitted. All
molecular visualisation is done using VMD 1.9.3 [149]. All statistical analysis is done
using R [150] and the graphics using ggplot2 [151].
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Chapter 3

Results and Discussion

3.1 Motif Discovery

In this work, the Antimicrobial keyword (KW-0929) is a starting point. As already
mentioned UniProtKB Keywords have a hierarchical organisation. Child nodes of the
Antimicrobial keyword are Antibiotic, Bacteriolytic enzyme, Defensin and Fungicide.
There are also the Bacteriocin and Lantibiotic keywords which are child nodes of
Antibiotic. Under each of the keywords, there is a certain number of UniProt records.
Figure shows the exact number of records under each keyword and the overlap
between them.

The number of motifs found with the workflow elaborated in section 2.1.2is two
hundred. These two hundred motifs are separated among all keywords. Only the
Defensin keyword has no motifs associated only with it. Graphical representation of
the motifs is shown in fig. 3.3} In this chord diagram, we can see several properties
of every motif. If we start from the outermost layer, we can see the keyword that
all motifs belong to. Inner to that is the index number of every motif around a
ribbon showing the primary association of every motif. Every ribbon is coloured in
colour associated with the keyword: red for Lantibiotic, gold for Bacteriocin, dark
orange for Antibiotic, blue for Antimicrobial, pink for Bacteriolytic enzyme, lime
for Fungicide and purple for Defensin. The light grey overlay on top of each of the
ribbons is indicative of a group of motifs. All motifs, which belong to the same
overlay, came from one group of records. Every group is one of the groups that are
formed by the workflow. The inner layer of the ribbons is a tiles layer. In this layer,
there are additional tiles for each keyword. They represent an association of this
motif with another keyword, except the primary. The primary keyword is indicated
in the ribbon. For example, motif 69 which belo