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OZET

Antimikrobiyal Peptit ve Polimerlerin Molekiiler Modellemesi

Son yillarda, ilaca direngli bakteriler artis gostermistir. Direngli bakteriler
nozokomiyal enfeksiyon riskini arttirir ve bu da hastanelerde morbidite ve mortalite
oranlarini yiikseltir. Bu nedenle antibiyotiklere karsi yeni ve etkili alternatiflere
duyulan ihtiya¢ glindeme gelmeye baglamistir. Antimikrobiyal peptitler (AMP'ler),
arastirma alaninda, terapotik ajanlar olarak ¢ok ¢ekici bir alternatif haline gelmistir.
Diger bir alternatif ise daha ekonomik ve daha yiiksek miktarlarda tiretilmeleri, daha
uyumlu olmalar1 ve kimyasal uyum icin esnek bir yapiya sahip olmalar1 gibi
avantajlara sahip olan antimikrobiyal polimerlerdir (AP'ler). Bu tez ¢alismasi,
antimikrobiyal ajanlar1 tasarlamayi ve etkinliklerini incelemeyi amaglamaktadir.
Dogal antimikrobiyal peptitlere benzer AMP'ler ve AP'ler tasarlamak i¢in molekiiler
modelleme ve hesaplama yontemleri kullanilmistir. Ilk olarak, tiim olas1 molekiillerin
2 boyutlu yapilari, sentetik orijinal molekiiller ve kimyasal molekiillerin hesaplamali
olarak cizilmesiyle bir yazilim araclifiyla elde edildi. Ardindan, kompiitasyonel
hesaplama yontemleri ile molekiillerin yiik, atomlar aras1 agilar, bag uzunluklart ve 3
boyutlu yapilar gibi parametreleri belirlenmistir. Parametreler daha sonra molekiiler
dinamik simiilasyon yontemi i¢in girdi olarak kullanilmis ve tasarlanan molekiillerin
hem membran hem de sulu ortamlarda nasil davrandigi gosterilmistir. Ayrica,
tasarlanan molekiillerin diger molekiillerle etkilesimlerinin incelenmesi molekiiler
yerlestirme adi verilen bir yontemle yapilmistir. Boylece molekiillerin etkilestigi
bolgeler belirlenerek, antimikrobiyallerin etki mekanizmalar1 incelenerek yeni
tasarlanan molekiillerin rasyonel temellere dayandirilmasi amacglanmistir. Bu bulgular,
molekiillerin proteazlara direncli hale getirilmesinde, etkinliklerinin arttirilmasinda ve

toksisitelerinin azaltilmasinda yol gosterici bir rol oynar.

Anahtar Sozciikler: Antimikrobiyal peptit, antimikrobiyal polimer, ilag tasarimu,

molekiiler modelleme, molekiiler dinamik simiilasyonu.



ABSTRACT

Molecular Modelling of Antimicrobial Peptides and Polymers

Multidrug-resistant bacteria have been on the rise over the past years. Resistant
bacteria raise the risk of nosocomial infections, which in turn raises the rates of
morbidity and mortality in hospitals. Need for new and efficient alternatives to
antibiotics have become an issue. Antimicrobial peptides (AMPSs) have grown to be a
very attractive alternative to research as therapeutic agents in this area. Another
alternative is antimicrobial polymers (APs) similar to natural antimicrobial peptides,
which have the advantages of being produced more economically in higher quantities,
being more compatible, and having a flexible structure for chemical adaptability. This
thesis study aims to design antimicrobial agents, AMPs and APs, and to examine their
effectiveness via molecular modelling and computational methods. First, 2D-
structures of all possible molecules were obtained from a software by drawing
synthetic original molecules computationally. Then, computational methods, the
parameters of the molecules such as charge, interatomic angles, bond lengths and 3D-
structures were determined. The parameters were then used as inputs for the molecular
dynamics simulation method, showing how the designed molecules behave in both
membrane and aqueous environments. Also, examining the interaction of molecules
designed with other molecules have been done using a method called molecular
docking. Thereby, it is ensured that the newly designed molecules are based on rational
basis by examining the mechanisms actions of antimicrobials by determining the
regions where the molecules interact. This plays a guiding role in making the
molecules to be resistant to proteases, increasing their efficiency, and reducing their

toxicity.

Keywords: Antimicrobial peptide, antimicrobial polymer, drug design, molecular

modelling, molecular dynamics simulation.



1 INTRODUCTION AND AIM

In past several decades, multidrug-resistant bacteria have been emerging
especially where clinical applications are applied, such as hospitals. There are several
reasons causing this rapid emerging, for instance overuse or improper use of
antimicrobial drugs causes bacteria to gain resistance. Resistant bacteria increase
nosocomial infections and consequently increase in-hospital morbidity and mortality
rates. To overcome this issue, novel, and effective alternatives other than antibiotics
are needed to be developed. In this regard, antimicrobial peptides (AMPs) have
become very popular option to investigate as therapeutic agents. Even though the
AMPs are promising agents against bacteria and, they still needed to be improved.
Only a few of them are evaluated for systemic therapy due to their poor drug properties
in terms of rapid blood clearance, protease cleavage susceptibility and host cell toxicity
(1). To improve these adverse effects, antimicrobial polymers can be another
promising option as therapeutic agent since they display major advantages in that they
can be made more affordably in larger quantities, are more compatible with drug
distribution techniques, and offer a versatile structure for chemical alteration and
adaptability. Antimicrobial polymers (APs) were developed to share some of the same
mechanisms of action as AMPs while minimizing their drawbacks. According to
studies in related topics, APs have predictable dose-dependent toxic effects towards
mammalian cells, and they show better resistance to biodegradation by enzymatic

proteolytic enzymes compared to AMPs (2-4).

Even though AMPs and APs have their own advantages and disadvantages, it is
still quite costly and time consuming to produce and study both AMPs and APs.
Taking into account of the drawbacks, it is logical to tend towards in-silico techniques
before implementing in-vitro experimentations. Computational chemistry is a field of
chemistry that uses computer simulation to investigate molecules’ structure,
mechanism of action and properties with the guide of theoretical chemistry knowledge
(5). Molecular dynamics methods, which is one the methods of computational
chemistry, is used to design AMPs and APs, then by performing molecular modelling

methods, designed AMPs and APs are modeled and simulated by mimicking behaviors



of model peptides and polymers. With molecular modelling methods, molecules to be
studied can be investigated prior to the in-vitro studies to determine whether the

specific molecule is worth to study and to spend time and money.

The focus of this thesis is to provide more detailed about mechanism actions of
antimicrobial agents in the context of this study, which are synthetically designed
natural peptide inspired antimicrobial peptides and antimicrobial polymers, how they
interact with each other or other microorganisms by using molecular modelling
techniques, such as molecular dynamics simulation, docking and 3-dimensional
structure prediction methods. To do so, we aim to compare previously designed
peptides and polymer in the basis of which one is more efficient, has more
antimicrobial effect, has resistant to proteases. In this way, we offer information for
future in-vitro studies to produce synthetic derivatives of antimicrobial agents aimed
to be novel and effective against drug-resistant bacteria infections. Another value of
this thesis study is to improve computational methods and even build a new strategy

for designing a drug molecule by in-silico methods.



2 BACKROUND

2.1 Computational Chemistry and Molecular Modelling

2.1.1 Computational chemistry

As a science field, chemistry studies elementary particles including electrons,
atoms, and molecules. Besides that, it investigates material characteristics including
composition, reactivity, and interactions with other chemicals. Molecules are made
up of atoms with nuclei and electrons in combination. Since there are a huge variety
of distinct molecules with various nuclei located in various nuclear positions in nature,
it is a good possibility to find novel compounds. Fundamental branch of chemistry is
theoretical chemistry which uses mathematical techniques to apply the physical laws
to describe chemical reactions. Finding the most stable spatial configurations of the
atoms in amolecule is the primary goal of theoretical chemistry. Theoretical chemistry
can also be used to calculate a molecule's relative energy, dipole moment and other

chemical and physical characteristics (6).

While a two-body system having interaction can be solved analytically, many-
body systems containing higher than two electrons cannot be solved. Only numerical
solutions can be obtained as a result of numerous mathematical problems for many-
body systems. Those numerous mathematical problems can be solved with the help of
powerful and fast computers. Computational chemistry has started to become relevant
rapidly for the last decade and is still rapidly spreading in recent years. Computational
chemistry is a sub-branch of theoretical chemistry which can be described as
mathematical expression of chemistry while computational chemistry uses computer
power for execution of mathematical expression to model and simulate the molecular
systems as in biomolecules, inorganic/organic molecules, polymers, peptides, drugs
etc. It was emerged as a result of computer advancement. Instead of creating a new
method, the primary goal of computational chemistry is to find solutions to chemical
issues using existing methods. The experimental component of theoretical chemistry

is thus considered as computational chemistry. Though theoretical and computational



chemistry are often perceived as being distinct, there is a close relationship between
the two (7). While certain theoretical approaches can be generated thanks to the
outcomes of computer computations, new theoretical approaches can benefit in the

study of computational issues.

The biggest challenge in computational chemistry is selecting an appropriate
theoretical approach for the systems to be analyzed and evaluating the results (8).
Fundamental concepts and methods that are most common in computational chemistry

will be mentioned in the following sections.

2.1.1.1 Fundamental concepts of computational chemistry

Only way to implement computational chemistry thoroughly is to understand the
terms of theory, model, and approximation concepts, and what they mean in the basis
of computational chemistry (6). Every scientific study requires to bring out a
hypothesis to be started. Hypothesis can be described as a rational assumption or
outcome based on previously proven facts. If all experimentations’ data is found to be
viable with the hypothesis, the assumption is now called theory (9). Theories can be
expressed in mathematical representations. Following concept needed to be learnt is
model that defines and allows researchers to estimate the scientific outcomes in a basic
way. Models can be expressed as mathematical representation, and non-mathematical
representation. Models are used by researchers with the purpose of comprehending a
scientific topic and making assumption on that topic without implementing complex
mathematical resolutions (10). In other words, models enable researchers to mimic of
an original system. Even though it is a very useful concept, there can be always a
possibility of a contradiction to rules of a model because model cannot provide an
exact description of a system. One and very common example of a model is the Lewis
Dot Representation that does not comprehend kinetic energies of the particles (11).
Theory of quantum mechanics is needed to be involved to fully describe all the
properties of a system. Even though quantum mechanics is one of the bases of
describing chemical systems mathematically, it has never been certainly solved.

Therefore, computational chemistry required to be used any other concept of



approximate solutions. Approximation is used in the situations where the
mathematical calculations are significantly complex that solving them is not effectible
for analyzation of chemical systems (6,11). One application of the approximation is to
eliminate the complex part of the calculation altogether if quantitative measurements
is required. Another implication is to use average mathematical description rather than
complete description. Rest of the approximations techniques that have been using
among computational chemists are variations, perturbations, simplified functions, and

fitting parameters to regenerate experimental results (11).

2.1.1.2 Principles of the computational chemistry

2.1.1.2.1 Energy

Energy is one of the most fundamental terms in science. In the field of chemistry,
energetic analyzation can provide answers on molecular processes. According to
computational chemistry, molecular systems with the lowest energy are accepted as

the most stable systems.

Kinetic energy and potential energy are the one which generate amount of total
energy in a system. Both energy types are also divided into different categories based
on some specifications within themselves (12). Kinetic energy is divided based on
motions such as vibrational, rotational, translational, nuclear and electron motion.
When it comes to potential energy differentiates into bond stretching energy, bond
bending energy, conformational energy, and hydrogen bonding energy etc. Potential

energy is expressed mainly by Coulomb’s Law (13).

To represent molecules mathematically, different methods have been conducting
based on how to treat energy. First, a reference system which has zero energy is
required. In Ab initio and density functional methods (DFT), zero energy means that
all nuclei and electrons have infinite distance between each other. The valence energy
used by semiempirical methods is equivalent to removing the valence electrons and

ionizing the resultant ions at an indefinite distance (14). Different molecular mechanics



techniques employ zero energy variations in different ways. Some molecular
mechanics methods accept the zero value of chemical standards, whereas others accept
the zero energy of strainless molecules. Additionally, some approaches to molecular

mechanics view zero energy as arbitrary (13,14).

Total energy numbers in relation to the method's energy zero are frequently quite
wrong, even within a certain approximation. This inaccuracy nearly always results
from systematic error, which is something frequent to find. The relative energies
produced by subtracting the total energy from various calculations give frequently the
most precise calculations. This explains how the energy differences between

conformers and bond dissociation energies can be calculated very accurately (15).

2.1.1.2.2 Electrostatics

Interaction between charged objects is investigated by electrostatics even though
it is insufficient to examine whole molecular systems. Coulomb’s Law is the

mathematical definition of the electrostatics.

E= 1% (2.1)

T12

F= 0L 2.2)

12

The Coulomb’s Law equations for energy and the force between two particles
with charges g1 and g at a distance ri2. The Coulomb’s Law of equations below don’t
include constant ‘k’ because in computational chemistry, fundamental constants are

assumed to be 1 according to “atomic unit system” (13).

The electrostatic potential (¢) is another important term that is specifically used
in every aspect of three-dimensional real space. When a charged particle needs to be
included at random point in space, electrostatic potential is involved into calculations.

It is frequently said that the electrostatic potential is the energy of adding an



infinitesimal point charge to the system, which satisfies the constraint that there be no

mobility of the current charges (polarization of electron density) (15).

The relation between electrostatic potential and density of charge (p) are described
by the Poisson Equation that is utilized to determine a molecule’s electrostatic

characteristics (15).

2 ¢ =-p (23)

2.1.1.2.3 Atomic units

By setting numerous fundamental constants to 1, atomic unit system is applied
to make mathematical problems easier to understand. This allows theorists to reduce
their use of pencil lead and potential errors. Additionally, it cuts down on the lengthy
computer time that is sometimes required for chemical computations. Besides,
outcomes of theoretical calculations are unaffected by changes in the calculated

values of physical constants (16).

2.1.1.2.4 Thermodynamicss

One of the most comprehensive mathematical representations of chemistry is
thermodynamicss. Many of the ideas of energy, free energy, and entropy are defined
by the field of thermodynamicss (17). Because of the thoroughness of prior and
existing work had been done about thermodynamicss, it has not been investigated very
often recently. Another reason for less research on thermodynamicss is the general
incapacity to offer in-depth understanding of chemical processes. Over the years, many
side of the chemistry have been successfully defined by basic mathematical
expressions (18).

One significance of thermodynamicss in computational chemistry is that it can be
correlated with computational results. Depending on the calculation, the output could

be internal energies, free energies, or another type of energy. Similarly, different



entropy contributions can be calculated. Due to the terminologies used in
computational chemistry and thermodynamicss, it might be frustrating that the

program does not always make it clear which energy is being listed (19).

2.1.1.2.5 Quantum mechanics

To be able to accurately define electrons, so do the chemistry, Quantum
Mechanics (QM) is the most reliable description that can be. Theoretically, QM can
provide precise prediction of characteristics of an individual atom or molecule (20).
When it comes to practice, the QM equations can be executed for systems with a single
electron precisely. The answer for multiple electron systems has been approximated
using a wide variety of techniques. To recognize when each estimate is legitimate and
how accurate the outcomes are likely to be needs some knowledge on the side of the

researcher, but these approximations can be very helpful (21).

Schroedinger and Heisenberg created two generic formulations of quantum
mechanics. Schrodinger form serves as the foundation for almost all computational
chemistry techniques.

Ay =EY¥ (2.4)

Hamiltonian operator is described as H, wave function as ¥ and energy as E. the
equation above is called eigen equation, so the ¥ is called eigenfunction while E is
called eigenvalue in mathematical mean (22). The wave function describes nuclear
position of electrons, thus also explaining the probabilistic behavior of the electrons.
The Schroedinger equation can only be solved physically if the wave function is
continuous, single-valued, normalizable, and antisymmetric with respect to the

exchange of electrons (23).
The original Hamiltonian formulation is the time-independent, nonrelativistic

form of Schrodinger equations. However, original Hamiltonian is not feasible for

recently used software. Thus, researchers prefer to separate nuclear and electron
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motions to simplify the problem by approaching Born-Oppenheimer approximation.
Where a nuclei in a system is accepted as stationary, Hamiltonian formulation
conducted by calculating individually the kinetic energy of electrons, attraction of
electrons to nuclei and the repulsion between electrons. This entire formulation can be
thought of as a potential energy surface on which nuclei move, which is how one can
explain how nuclei move. Then the wave function can be obtained, and to do so,
characteristics of a molecule can be described by taking the expectation value of the
operator for a specific property. It is possible to get alternative measurable properties,
such the dipole moment or electron density, by replacing other operators. Mostly, the
Hamiltonian is preferred to be implied in frequently used computational chemistry
methods to obtain wave function due to the other properties don’t vary except energy

(22,23).

The Hellmann-Feynman theorem can also be used to determine molecular
characteristics. The Hellmann-Feynman theorem can also be used to determine
molecular characteristics. The Hellmann-Feynman theorem is not adhered to by all
approximation techniques (24). The Hellmann-Feynman theorem is only adhered to
by variational approaches such as Hartree-Fock calculation (HF), multi-
configurational self-consistent field (MCSCF), configuration interaction (CI) and
coupled cluster theory (CC) (25).

2.1.1.2.6 Statistical mechanics

The mathematical method of calculating the thermodynamics characteristics of
bulk materials out of a molecular representation of the materials called statistical
mechanics. The theory of a large portion of statistical mechanics is not yet well
developed (26). Statistical mechanicians lack even a baseline for a thorough estimation
of the Schrédinger equation because quantum mechanicians are still unable to
precisely solve it. Despite this restriction, it is still possible to get some excellent

results for bulk materials (27).
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Ab initio vibrational frequency calculations are needed to be done before
statistical mechanics computations for gas-phase properties at low pressure. On the
other hand, for condensed phase, application of molecular dynamicss or of Monte

Carlo methods are necessary to reach statistical data (27).

According to principle behind, to identify a systems’ geometry, in the case of
presuming molecules as rigid, each molecule is depicted by its position and its
rotational orientation. 6N dimensional space called phase space is created by
designating 3 molecules each for position of a molecule and rotational orientation of
the same molecule. In this generated phase space, there may be some configurations
to occur that would never happen in a real system. Therefore, it is important to detect
the occurrence of the configurations and its probability. The sum of the potential
energy obtained from attraction of molecules, repulsion forces and resultant kinetic

energy of molecular mobility gives the configuration occurring probabilistic (26,27).

The energy of the system, which is comprised of all molecules, differs from the
energy of the single molecules. The total system contains a certain quantity of energy,
which is quantifiable as the system temperature. But not every molecule will possess
the same amount of energy. Depending on how they move and interact with other
molecules, individual molecules will contain higher or lower energy. Whatever the
energy, there is a chance that molecules will be present. The system's temperature T
affects this likelihood. If the system has equal number of ways to be placed in both

state of energy, Boltzmann distribution is applied (28).

At higher temperatures, there is frequently a greater likelihood of detecting high-
energy molecules. Statistical average, also named as weighted average, is detected by
calculating the value for each potential energy state belons to a specific system, then
multiplying the result by the possibility of locating the system in that energy state.
Nonetheless, it is not a feasible method for computer simulation of a real gas systems
or condensed phase systems because even the insignificant calculations of all the
potential energy states must be considered (28). There are other methods to estimate

statistical average. First method called time average is time dependent and aims to
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simulate molecular mobility by calculating the value for one molecule at each step and
evenly distributing the value to all the time steps, thus the molecule will exist in more
possible energy states at a higher percentage of the time. Final evaluation of the
findings bases on number of time step and how correctly the simulation can mimic the
actual system. Second method is the ensemble average which is used in simulations
consisting vast number of molecules. Ensemble average method take value of every
molecule in the simulation into account. Another technique is targets geometric
configuration of molecules A point in phase space can be represented by a set of
Cartesian coordinates, but the statistical propensity of molecules to orient themselves
in a particular way is not presented. A radial distribution function, also known as a pair
distribution function, provides this statistical analysis of geometry. This function

calculates the likelihood of detecting atoms at different distances (29).

2.1.1.3 Computational chemistry methods

2.1.1.3.1 Ab initio calculations

Ab initio comes from the Latin word “initium” whose meaning is beginning, so
the term “ab initio” is translated as “from the beginning”. As a scientific term, Ab
initio implies that the estimations are based on first principles and no empirical
outcomes can be used (30). Schrodinger equations is resolved by ab initio
computations, commonly known as the first principles approach. This technique
enables atomistic level research into the atomic structure and material characteristics
of many materials. This approach can be thought of as approximate quantum
mechanical approach. The approximate solutions obtained for differential equations or

functions are typically obtained through the use of simpler functional forms (31).

Ab initio calculations to determine the energy levels are frequently performed
using the Hartree-Fock (HF) and density functional theory (DFT) approaches. Ab
initio computations can be used to examine the structure of different polymers, big

macromolecules, and minerals with the right wavefunction (32).
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Hartree-Fock calculation is the most frequently used calculation in ab initio
method. HF includes two approaches; one is the central field approximation and the
second is the wavefunction. The calculation used in central field approximation does
not account for Coulombic electron-electron repulsion. However, the evaluation takes
into account its overall impact (32). The approximate energies estimated in this
variational computation are all equal to or higher than the exact energy. The energies
obtained by HF calculations exceed the precise energy due to the central field
approximation and converge to a limiting value known as the Hartree-Fock limit. On
the other hand, the wavefunction approximation have to be expressed by a linear
function, that is mainly precisely understood for a several one-electron systems (5).
Atomic orbitals or, more frequently, basis functions are combined in linear fashion to
create the wavefunction. Due to this approximation, the calculated energy in the
majority of HF simulations is higher than the Hartree-Fock limit. To minimize the
errors of HF calculations, Quantum Monte Carlo (QMC) method have been using.
Even though QMC calculations might require high amount of time, they are arguably
the most precise ones available right now (5,32). In Density Functional Theory (DFT),
the total electron density is used to express the entire energy instead of using the
wavefunction (32). When total electron density is to be calculated, approximate

Hamiltonian and approximate expression are used.

The advantage of ab initio approaches is that, once all approximations are
sufficiently minimal in magnitude, they inevitably converge to the result. This
convergence isn't really continuous, however. The simplest calculation might
occasionally provide the greatest solution for a certain property. On the other hand, Ab
initio techniques have also some disadvantages of being pricey. These techniques
frequently need astronomical quantities of computer memory, CPU time, and storage
space. Overall, the ab initio methods generally deliver ideal qualitative results and, as
the size of the molecules in question decreases, increasingly precise quantitative

conclusions (30,32).
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2.1.1.3.2 Semi-empirical calculations

Semi-empirical methods use the same general principle of Hartree Fock
calculation. According to this system, certain details, for instance the two electron
integrals, are approximated or conveniently ignored (30). The system is parameterized
by curve fitting within a few parameters or values to account for the inaccuracies
created by ignoring a portion of the estimation to achieve the closest probable
agreement with experimental data. The orbital approximation framework is used to
derive the simplest description of a molecule's electronic structure, and the molecular
orbitals are stated as a linear combination of atomic orbitals (33,34). The self-
consistent field or Hartree-Fock equations are used to solve for the coefficients of the
combination. This process is time-consuming and expensive since it requires an
iterative (self-consistent) approach because there are a huge number of integrals to
compile and manage. This is the case even more so when atomic orbitals or a large
basis are used (34). The goal of the semi-empirical approaches is to substantially
minimize calculation time and the amount of the tables that must be stored so that

computations are possible and rapid on a limited lab computer (35).

When semi-empirical approach is to be applied, one should consider the strategies
that ignoring a significant number of integrals in the energy of the interaction between
two electrons, putting the majority of the remainder integrals into parametric form and
modifying the parameters based on experimental evidence from atoms or molecules,

and using the fewest selection of atomic orbitals available (35).

Semiempirical calculations have the advantage of being substantially quicker than
ab initio calculations. The findings of semiempirical calculations may occasionally be
imperfect. The results might be ideal if the molecule being computed is comparable to
compounds in the database being used to parameterize the algorithm. The results could
be quite poor if the molecule being calculated differs greatly from anything within the

parameterization set (36).
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2.1.1.3.3 Modelling the solid state

The investigation of the synthesis, composition, and characteristics of solid phase
materials is known as solid-state chemistry, also known as materials chemistry
(37). The same general strategy is used by computational chemical approaches in
solid-state chemistry and molecules, with two exceptions. Two alternatives to the
molecular atom-centered based functions exist: first, the solid's translational symmetry
must be used; and second, entirely delocalized basis functions, such as plane waves,

may be used (38).

In general, a band structure, which specifies the energy of electron orbitals for
every spot in the Brillouin zone, describes the electrical structure of a crystal. Band
structure calculations can use orbital energies obtained from ab initio and semi-
empirical calculations. Calculating the energy for every single point in the Brillouin

zone takes longer time than it does to compute the energy for a single molecule (39).

2.1.1.3.4 Molecular mechanics

Molecular mechanics (MM) has been using by researchers to identify
conformational and molecular structure of a molecule, and energy differences between

more than one molecule or to detect binding interactions of molecules (40).

It is still possible to simulate a molecule's behavior even if it is too large to
successfully employ a semi-empirical approach by completely disregarding quantum
mechanics methods. The techniques, known as molecular mechanics, establish a
straightforward algebraic formula which doesn't require no wave function calculation
or total electron density calculation for a compound's total energy (41). MM
approximates the quantum mechanical energy surface, doing so it reduces the
computational timescale and costs while simulating the large molecular systems. MM
methods are required to be parameterized to obtain suitable results by using data of the

composites (42).
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When MM describing the energy of the molecules, classical equations, whose
constants are needed to be provided by ab initio estimations and experimental
outcomes, are involved. Bond stretching, bond angles, rotation (torsion) angles, non-
bonded interactions such as van der Waals interactions, and hydrogen bonding

interactions are taken into account in the case of MM method applications (40,43).

2.1.1.3.5 Molecular simulations

The term "molecular simulation” refers to both the molecular dynamicss and
Monte Carlo computational techniques (44). The main goal of molecular simulation is
to offer precise solutions to statistical mechanical questions rather than approximative
answers. The characteristic of molecular simulation that sets it apart from other
computer techniques, and also approximations is that the system's molecular
coordinates are generated in compliance with an exact computation of the forces or
energy interacting between molecules (45). It is appropriate to refer to molecular
simulation as computational statistical mechanics. Molecular simulation enables us to
identify observable features by implementing a computer program to precisely

evaluate a theoretical model of a molecule's or a molecular system's behavior (46).

2.1.1.3.6 Thermodynamicss and statistical mechanics

Thermodynamicss investigates large sized molecular systems’ characteristics at
equilibrium level such as energy, pressure, volume, entropy, heat limitations and
expansion coefficient. Thermodynamicss enables chemists to calculate such
characteristics if some of them, which can be properties of the components of those
large molecular systems and intermolecular interactions, are known by experimental
equations (47). This is where the statistical mechanics comes in to use as it is applied
to estimate composition of macroscopic molecular systems by using constituents of
molecules in a system. Then, one can make prediction on behavior of related molecular
system (47,48).
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Advantage of the statistical mechanics is that it allows the researchers to make
calculations with no unnecessary detailed forms of equations in which classical
mechanics method is required. Calculations of classical mechanics methods are very
time consuming, costly and are needed extremely high computational power because
of the complexity of every little detail’s estimation (48). In that sense, it can be said
that the statistical mechanics method is the improved version of thermodynamicss (49).

More detailed explanation of statistical mechanics is included previously.

2.1.1.3.7 Structure-property relationships

Structure and property relations are described by experimentally based on
qualitative and quantitative measurements (50). Properties of a molecule can either
physical properties or chemical properties; physical properties can be observed when
a molecule do not undergo any chemical change, such as molecular weight, volume,
mass, melting and boiling points, solubility, electrical conductivity, where the
chemical properties can be observed once a molecule goes through chemical changes
caused by compressibility, toxicity, reactivity of chemicals with each other. Physical
properties enable to identify a substance where chemical properties provide

information on how molecules and atoms react (50,51).

Structure of a molecule, on the other hand, depends on valence shell of electrons
that controls how atoms join in the right proportions. It also depends on the type,
orientation, and length of the bond. The position of the nucleus and the electron in a
molecule can be used to predict its shape. It also depends on whether there are two or
more bonded partners and how spatially oriented the covalent bonds are to the atoms
(51). Theoretically, structure of a molecule can be determined with measuring the
electron motion by using quantum mechanical equation. The Schrédinger
equation can be used to determine it numerically which is a process requiring high-

performance computers (52).

In the case of computational chemistry studies, quantitative mathematical relation

between property and structure is the one that is considered the most (53). Quantitative
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structure-property relationship is used when the property is specified as physical
property (QSPR). Quantitative structure-activity relationship is used when the

property is as a biological activity (QSAR) (54).

2.1.1.3.8 Artificial intelligence

Over the past several decades, interest in and scope for the use of artificial
intelligence (Al) in computational chemistry have risen. Al has been regarded as a
groundbreaking tool for the drug discovery process, and it will have a big influence.
Main advantage of the Al in drug design is handling of large data sets from high-
throughput experimental studies with profiles of gene expression for drug repurposing
(55).

The combination of machine learning (ML) techniques, which is the most
promising use of Al in material science research, and Al algorithms reduce the cost of
computing electronic structure evaluations and can efficiently sample chemical spaces
enables both rapid throughputs to look for new molecules with specific properties
(56).

2.1.2 Molecular modelling

Molecular modelling is a method that uses both theoretical and computational
techniques to mimic and to predict behavior of a molecule, chemical and biological
system, and material formations (57). There are different approaches used to describe
molecular systems. These approaches vary depending on the length and time scale (in

Figure 1).
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Figure 1. Illustration of Multi-scale Modelling based on time-length scale [modified
according to Fenghua Nie et al. 2022 (58) via Microsoft Office Word]

Every modelling scale can be corresponding computational models classified by
specific number of atoms. Quantum mechanics (QM) can be referred as theoretical
chemistry while computational chemistry incorporates QM, MM (molecular
mechanics), and simulation approach. Combination of theoretical and computational
chemistry constitutes of molecular modelling’s basis (59). QM describes energy of a
molecule by using wave function used to predict the probability of finding an electron
in a certain region of space while molecular mechanics does not consider explicitly
electrons and is used to calculate potential energy of a molecule (60,61). Even though
accuracy rate of QM is higher than MM, MM is faster and easy to threat large number
of atoms.
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One important concept of MM is force field that is used to explain potential energy
of molecule or molecular system with optimized parameters and analytical
expressions. Total potential energy of a system is called steric energy (Vsteric).
Derivative of the Vsteric With respect the coordinates of the atoms give the force acting
on atoms, which means force field. Every force field has a set of analytical expression
of parameters. Total energy is divided up separate potential parameters. Equation of

total energy is given below (62).

Vsteric = therms = Vstr + Vbend + Voopb + Vtors + Vcross + VvdW + Ves. (2-5)

(str: bond stretching, bend= bending, oopb= out-of-plane bending, tors: torsion, cross:

cross terms, vdW: Van der Waals, es: electrostatic) (62)

Some force field examples are Chemistry at Harvard Molecular Mechanics
(CHARMM), Universal Force Field (UFF), Assisted Model Building with Energy
Refinement (AMBER), GROMOS, etc. (63)

Having total energy of the system to be studied means that now the atomic
coordinates and force field parameters are known. After total energy of a system is
known, further processes can be continued with several methods such as geometry
optimization, conformational search, molecular dynamicss methods and Monte Carlo
methods to model the related system (64). Geometry optimization serves to find the
atomic coordinates required for total potential energy minimization while
conformational analysis enables to make multiple geometry optimization by rotating
the bonding molecules in different angles so that many different conformations can be
obtained. The most stable conformers are identified and used for energy minimization
(59,64).

Other modelling method is MD uses Newton’s equation of motion to simulate a

system based on its thermodynamics and Kinetic characteristics.
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Other than multiscale modelling methods, assorted experimental methods can be
used to analyze behavior and interaction of molecules on different scales, such as X-
ray diffraction (XRD), nuclear magnetic resonance (NMR), gel permeation

chromatography (GPC), Fourier transform infrared spectroscopy (FTIR) (58).

2.1.2.1 Molecular dynamics simulation

Molecular Dynamicss (MD) depending on consecutively updating the positions
and velocities of atoms in a system and calculating resultant potential energy of the
related system (65). Basic steps of MD start with to draw the molecules and defining
X-y-z coordinates (stored in .pdb/.xyz file formats) of the molecules then optimizing
the system by using certain force field to lower the initial potential energy because it’s
high before starting MD simulation. After that, initial velocities of the system must be
assigned by following the Maxwell-Boltzmann distribution. To assign the velocities,
temperature in which system to be simulated is requires, must be known. Having all
required information, potential energy (Vsteric) can be calculated using the adopted
force field. One can search literature to find force fields that is the most suitable with
the molecular system to be studied or generate a force field of its own. By taking
partial derivative of Vsteric with respect to the x-y-z coordinates, resultant force acting
on each atom is found (F = —VVsteric). This process is automatically done by the
simulation software to be used. In the next step, new velocities and positions for each
atom must be updated by using equation of Newton’s Second Law (F = ma). The
steps of calculating potential energy, finding force acting on each atom and updating
velocities and positions need to be repeated many times to generate trajectories and

properties which then be used for simulation process (57,59,66).

A system is required to be described by statistical ensemble to be simulated.
Statistical ensemble is used to make a system ideal by considering all the versions of
that system that of each expresses a potential state in which the actual system might
be. Ensemble term in MD means that collection of systems in thermodynamics
equilibrium, each with total energy (67). There are different types of ensembles. One

is NVT (canonical) ensemble in which number of particles, volume and temperature
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are constant. Systems simulated by the NVT has Minimum Helmholtz free energy.
Density is also constant while pressure can be low or high based on temperature, and
other properties fluctuates. In NVT ensemble, macroscopic properties of a system can
be predicted. Second one is NPT (isobaric-isothermal) ensemble in which number of
particles, pressure and temperature are constant, volume and density fluctuates. In the
case of NPT, systems to be simulated have Minimum Gibbs energy and the
macroscopic properties of a real system can be predicted. Third ensemble is the uVT
(grand canonical) ensemble where chemical potential, volume and temperature are
constant. Particles may be generated or decimated. Heat exchanging occurs among
systems. Systems simulated using VT have maximum pressure and volume. Last one
is NVE (microcanonical) ensemble where the number of particles, total energy and
volume are kept at constant. Systems in NVE based simulation have maximum entropy
(67-69).

In MD simulation, water box containing systems’ atoms is generated. Because of
the computational limitation, only the limited number of molecules can be simulated
while millions of molecules wanted to be simulated present in a real system. Limited
numbers of molecules most likely behave differently than the millions of molecules.
That’s why periodic boundary conditions (PBCs) are used to adjust a large system by
using smaller portion of the system (unit cell). During simulation, one or more atoms
may pass through one edge of unit cell and appears on the opposite section of the
simulation box, however the atom number of the system in the simulation box must
remain constant. Large systems have infinite number of small units, one of which is
the original simulation box. During simulation, only the original one must be
considered to propagate and to record. Molecules in original simulation box can move
out while the same atom in the copied simulation box move into the original simulation
box so that the molecule number in the original water box remain constant. PBCs is
required for MD simulation to keep the number of atoms constant in the simulation

box, to study the bulk system behavior and to avoid any surface effect (70,71).
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Another terms to be considered for MD simulation is Ewald Sum to calculate total
electrostatic interaction between charges involving in original simulation box
obtaining by PBCs (59).

Molecular Dynamicss programs that can be used to model and to simulate a
system or a molecule are GROMACS, CHARMM, AMBER, LAMMPS, NAMD,
TINKER, OpenMM, Hyperchem, Schrodinger. Visualization programs for visually
represent a simulation are VMD, PYMOL.

2.1.2.2 Molecular docking

A type of bioinformatic modelling called molecular docking includes the
interaction of more than one molecule to produce a stable compound. It makes
predictions about the three-dimensional structure of every compound based on the
binding characteristics of ligand and target (72,73). Different potential adduct
structures are generated by molecular docking and are scored and categorized using
the software's scoring algorithm. Depending on the system's total energy, docking
simulations forecast an optimum docked conformer. Despite all viable strategies, the
difficulties still lay in ligand chemical reactions (tautomerism and ionization), receptor
flexibility (single form of rigid protein), and scoring function (differentiate actual
binding mode) (72,74).

Molecular docking is an appealing tool to comprehend drug
biomolecular interactions for rational drug discovery and development in addition to
the mechanism of action study. Working principle of docking is basically to
incorporate a molecule functioning as a ligand molecule through the ideal binding
region of the target segment of the DNA/protein functioning as a receptor molecule
primarily in a non-covalent manner. The data gathered from the docking technique can
be used to provide insights on the binding energy, free energy, and stabilization state of
complexes (73). Currently, the docking technique is being utilized to make prediction

on probable binding capabilities of the ligand-receptor compound.

24



Obtaining a ligand-receptor compound with an optimal configuration and the idea

of having lower binding free energy is the primary focus of molecular docking (74).

In order to perform docking, two related processes must be taken: first, the ligand's
structures in the protein's active site must be sampled; next, these structures must be
ranked using a scoring function. The empirical binding form should ideally be
reproducible by sampling methods, and it should also be given the best score among

all created conformations (73,74).

There are mainly two types of strategies employed when conducting molecular
docking; one is the simulations approach and the second is the shape complementarity
approach. In simulation method, Physical separation between the ligand and target
allows the ligand to attach into the pocket of the target after "specified durations of
motion" in its conformational region. The movements contain internal (torsional angle
rotations) or external (changes to the ligand's structure) changes (rotations and
translations). Every time the ligand moves within the structural barrier, Total Energy
is released. This strategy is more efficient in that it is more susceptible to tolerating
ligand flexibility. Because of the significant dissipation of energy for each
configuration, this method takes longer to predict the best docked conformer. In shape
complementarity method, the interface configuration features of the ligand and target
are used to give the binding interactions between them. The molecular surface of the
ligand is represented in terms of the surface region of the target that is available to
solvents. Searching for ligand in the complementary pocket on the target surface is
made easier by the compatibility between two interfaces depending upon shape fitting
representation. This method scans tens of thousands of ligands in a matter of seconds,
making it fairly rapid (72,73).

Sampling algorithms used for molecular docking, characteristics of the algorithms

and the corresponding docking softwares are listed below (Tablel).
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Table 1. Sampling algorithms, characteristics and softwares for molecular docking
(75).

Algorithms Characteristics Softwares

Geometry-based, suitable to

Matching algorithms VS and database enrichment DOCK, FLOG, LibDock and

for its high speed SANDOCK
Incremental construction Fragment-based docking DOCK, FlexX, Hammerhead,
incrementally SLIDE, eHiTS
Monte Carlo Stochastic search AUtODOCk’.IC.:M’ QXP,
Affinity
. . . AutoDock, GOLD, DIVALL,
Genetic algorithms Stochastic search DARWIN

2.2 Computational Drug Design

It takes a multidisciplinary effort to create efficient and marketable medications
because the drug development process is quite complicated. Finding a molecule that
can structurally and chemically fit into a particular region on a protein of interest is the
goal of drug discovery and development. This substance becomes a medicine that
people can use once it has successfully completed both animal testing and clinical
studies on humans. The traditional approaches to medication development involve the
secondary inspection of compounds produced in labs or discovered naturally. This
approach has issues with a lengthy designing process and high expense. The drug
development process has been effectively quickened by modern approaches, such as
structure-based drug design, with the aid of informatic resources and computational
methodologies (76). A remarkable amount of progress has been accomplished in
nearly every area related to drug design and development. A newer version of
technology has been created that is simple to use and offers superior computational
tools for developing chemically stabilized and effective molecules with refining
abilities. These methods can take advantage of cheminformation to accelerate the drug
discovery process and reduce costs (77). Traditionally, a nearly blind screening
method that was time- and labor-intensive has been the center of the drug creation
procedure. Computer-aided drug design (CADD) was born out of a new knowledge of
the quantitative link between structural and bioactivity. The expense of development
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will be reduced by approximately a 1/3. The design durations are shortened to just 6-
8 years from 10-16 years. Also, computer technologies may prevent academic
laboratories from following the "unsuitable™ leads of molecules to be used as drug
target (78).

It is common practice to analyze small therapeutic prospects' characteristics and
research drug-receptor combinations in atomic depth using computational chemistry
techniques. To organize and manage the massive databases of chemical and biological
activity, tools from the statistics and information sciences are becoming highly
important. By using tailored structure-based versatile chemistry from the identification
of active regions, datasets of derivative molecules are created. A list of the leading
probable candidates can be quickly generated by a computer, which can also predict
the interaction of all possible variants. Essentially, a computer screens out all
ineffective ligands, enabling chemists to concentrate on, produce, and investigate just

the top feasible and effective ligands (77,79).

Functions of the computational technologies in drug design can be summarized in
four categories. First is archiving and data retrieving. Second is to get statistics on the
correlation between structure and toxicity. Third one is to visualize molecules to
investigate the similarities or differences and interaction between ligands (drug target)
with receptor molecules. Lastly, it is used to estimate motion of molecules and
strengths of interactions (79). Ligands are the promising compounds can be used as
drug, and they are detecting depending on target protein and binding properties
between them. When it comes to investigate protein dynamics, MD simulation is an
effective method to detect what properties of molecules are significant and what
interactions are in relations with binding activity. To estimate interactions depending
on structure of molecule, quick and feasible clustering process based on molecule
shape can be done. Also, field-based similarity of a structure is computed. Another
implication for investigating interaction based on structure is Flexible Quantitative
Structure Activity Relationsips (QSAR) assessment on cluster generated depending on

shape of molecules (80).
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There are three primary types of programs used in designing drug; scanners,
builders, and hybrids. Programs in Scanner category scan the lead molecules and
encompass every database search programs. On the other hand, programs in Builders
and Hybrids category provides de novo generation of lead molecules. In the database,
incomplete compounds are represented by segments or chemical component parts, and
weak binding proteins are needed as a spot of connection. By recombination or prodrug
from fragments, iteratively introducing small alterations, it generates a pool of

derivatives with enhanced receptor compatibility (79,81).

Several examples of softwares, each of which have different properties,
commonly used in drug design and development are Affinity, AutoDock comprising
AutoGrid, AutoTors, and AutoDoc, Dock, FlexX, GRAMM, HADDOCK (77).

2.3 Antimicrobial Peptides

In past several decades, multidrug-resistant bacteria have been emerging
especially where clinical applications are applied, like hospitals. There are several
reasons causing this rapid emerging, for instance overuse or improper use of
antimicrobial drugs causes bacteria to gain resistance. Resistant bacteria increase
nosocomial infections and consequently increase in-hospital morbidity and mortality
rates. To overcome this issue, novel, and effective alternatives other than antibiotics
are needed to be developed. In this regard, antimicrobial peptides (AMPs) have
become very popular option as therapeutic agents such that 36 antimicrobial peptides
have undergone preclinical and clinical phase and almost 10,000 papers on AMPs have
been published up to 2019 (1). Even though discovered AMPs number reached to
around 3000, most of them not convenient to be used as therapeutics or drugs. Only
Seven of them have been approved by the US Food and Drug Administration (FDA),
they were discovered in Gram-positive soil bacteria (82). These approved small
peptides (AMPs) are gramicidin D, daptomycin, vancomycin, oritavancin,

dalbavancin and telavancin (83).
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Figure 2. Chemical Structures of seven FDA-approved AMPs (82).

Oritavancin, dalbavancin and telavancin are small lipoglycopeptide that are the
derivatives of vancomycin. They are effective against vancomycin-resistant bacteria
by inhibiting cell wall formation. Oritavancin and telavancin can also affect membrane

permeability and detach cell membrane.
2.3.1 Constituent of the AMPs

Average length of the AMPs is in 10aa — 50aa long range. Average hydrophobic
content of peptides is 54%. And the mean peptide net charge is +3. They are generally

stated as small cationic hydrophobic peptides thereby they target and disrupt anionic

bacterial cell membranes using electrostatic interactions (84).
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2.3.2 Mechanisms of action of the peptides:

AMPs or not AMPs, some small peptides functions as therapeutics characterized
in receptor-binding peptides which activate or block the specific receptor and cause
biological response. Other than that, some peptides functions as inhibitors of biological
peptides, some as membrane active peptides (MAPS) and some have other functions
(85).

Antimicrobial agents can be categorized based on the antimicrobial activity

mechanisms:
e Agents that inhibit cell wall synthesis (vancomycin, oritavancin, dalbavancin
and telavancin)
e Depolarize the cell membrane, (membrane active peptides, MAPS)
e Inhibit protein synthesis,
¢ Inhibit nucleic acid synthesis
e Inhibit metabolic pathways in bacteria, (receptor binding peptides, e.g.

cathelicidin and human B defensins)

Table 2. Antimicrobial groups based on mechanism of action [modified according to
Reygaert WC. 2018 (86) via Microsoft Word]

Mechanism of Action Antimicrobial Groups
B-Lactams
Carbapenems
Cephalosporins
Monobactams
Penicillins
Glycopeptides
Depolarize Cell Membrane Lipopeptides
Bind to 30S Ribosomal Subunit
Aminoglycosides
Tetracyclines
Bind to 50S Ribosomal Subunit
Inhibit Protein Synthesis Chloramphenicol
Lincosamides
Macrolides
Oxazolidinones
Streptogramins

Inhibit Cell Wall Synthesis
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Table 2. Antimicrobial groups based on mechanism of action [modified according to
Reygaert WC. 2018 (86) via Microsoft Word] (continued)

Mechanism of Action Antimicrobial Groups
Quinolones
Fluoroquinolones
Sulfonamides
Trimethoprim

Inhibit Nucleic Acid Synthesis

Inhibit Metabolic Pathways

2.3.3 Resistance mechanisms

To develope effecitive AMPs, we should first look at the resistance mechanisms

of bacteria.

The four major groups of antimicrobial resistance mechanisms are as follows (85):
1) restricting a drug's absorption

2) adjusting a target of drug

3) drug inactivation

4) active drug outflow.
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Figure 3. Demonstration of resistance mechanisms of antimicrobials (86).

Levels of resistance may differentiate among the bacterial groups. Susceptibility

and resistance are usually measured as a function of inhibitory concentration (MIC)
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which is the lowest concentration of an antimicrobials that will inhibit the growth of

bacteria.

Resistance mechanisms can be either native or acquired from other organisms.

Natural Resistance may be intrinsic(trait) or induced (naturally present gene in the
bacteria but only expressed in resistance levels when exposed to an antibiotic). The
most common bacterial mechanisms functioning in intrinsic resistance are reduced
permeability of the outer membrane consisting specifically the lipopolysaccharide,

LPS, in gram (-) bacteria.

Acquired Resistance’s main routes are mutation on chromosomal DNA of the
microorganism and Horizontal Gene Transfer (HGT). This process mainly is to gain
genetic material by transformation, transposition, and conjugation. One example of the

resistance through mutation is Staphylococcus aureus gaining resistance to methicillin.

Intrinsic resistance may use limiting uptake, drug inactivation, and drug efflux
while acquired resistance mechanisms used may be drug target modification, drug
inactivation, and drug efflux. Another crucial resistance mechanism is the biofilm

formation.

2.3.4 Biofilm

Biofilm formation is generated along with the bacterial colonization.
Microorganism aggregates and attached a surface and surrounded by an extracellular
polymer substance (EPS) consisting of polysaccharides, extracellular DNA, proteins,
lipids and water makes the biofilm formation. It is actually an adaptation process of
bacteria to environmental stress factors for instance antibiotics, host immune system,
starvation etc. Bacterial cell in the biofilm prone to have slow metabolism rate and
slow cell division so that antimicrobials targeting cell division and growing remain
ineffective. Biofilm entity protects its organism from antimicrobial agents and makes

it resistant.
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Figure 4. HDPs’ known functions’ demonstration highlighting antibacterial and

antibiofilm functions in particular (83).

In this figure, how different type of functions that AMPs have is demonstrated.

Antimicrobial peptides functions not only as antimicrobials, but they also function
as antibiofilm agents, immune modulators, anti-cancer agents and anti-inflammatories.
Moreover, they are active against bacteria and pathogens like viruses, fungi and
parasites. To emphasize the versatile property of the AMPs, the term of “Host Defense

Peptide” have been using.
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Figure 5. Mechanisms of action for antibacterial HDPs. The pore forming mechanisms
demonstrated (83).

AMPs having Antibacterial functions can target membrane, DNA, RNA, protein
etc. Commonly seen mode of action of AMPs in membrane penetration is to generate
pore formation. Membrane pore-forming AMPs constitute a large subgroup of MAPs
(membrane active peptides). These peptides bind to cell membranes and spontaneously
assemble in the lipid bilayer as a channel or pore-like structure, though not all are
cytolytic. Well-known natural examples are gramicidin, colistin, melittin, maculatin,
and alamethicin (82,85).

The two common models for the channel structures are barrel-stave and toroidal,

depending on how the peptide interacts with the lipid headgroups.

Membrane-lytic peptides, daptomycin, colistin, LL-37, aurein and piscidin 1
disrupt cell membranes, like detergents. This destruction causes the internal contents
of the bacteria to leak out and lowers the membrane potential of the bacterium. As a
result, AMPs damage membranes by drastically enhancing their permeability and
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weakening the regulated barrier, which is one of the plasma membrane's most essential
role (84).

Membrane-active peptides, whose action is restricted to specific cell membranes,
are not well-defined, in contrast to receptor-binding peptides or peptide inhibitors that
have clearly characterized binding sites. Although precise processes have not yet been
identified, their hydrophobic moment and electrostatic interactions typically contribute
to their uniqueness. These characteristics rely on the membrane-active peptides'

preference for a particular bacterial species (83,84).

Bacterial membranes typically include more negatively charged particles. The
benefit of using membrane-active peptides for antibiotics is that there may be a
reduced risk of drug resistance in bacteria. AMPs may therefore be likely candidates

for utilization as drug delivery vectors and as new antibiotics (87).

2.3.5 Design with molecular modelling approach

AMPs can be developed in 2 ways;

1) Discovering new peptides from natural origin (from extracted predicted
antimicrobial sequences from larger and more complex proteins, organisms,
tissue samples, and other sources.)

2) Making synthetic variants along with the optimization processes of the

antibacterial activity (88).

2.3.5.1 Designing AMPs

Controlling the selectivity, reducing the toxicity, and lowering unexpected side
effects are essential to the design of synthetic AMPs. Thus, AMPs are needed to be
optimized properly during developing process. Basic steps of optimization are;

()  Extending the elimination half-lives of peptides by stabilizing their

structures and adding non-canonical amino acids to the peptide sequences.
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Determining the biochemical characteristics that make antimicrobial
substances produced by Gram-positive bacteria in soil appropriate for
human use.

Identifying AMPs that have the capacity to affect the immune system.
Investigating the potential for AMPs to work in combination with other
chemicals or enzymes to improve antibacterial action.

Optimizing the development of computational techniques for high
throughput screening and peptide therapeutics.

Providing suitable in vitro models that imitate in vivo environments to

assess the allergic effects (88,89).

Computer aided studies has gained significant interest in the past decade. Now, in

almost every study, several parts of the experiment are carried out by computer-based

techniques which enable studies to be more cost effective and time effective. Also,

such computational techniques allow to analyze large amount of data simultaneously
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Figure 6. Computational design principles for designing antimicrobial agents (90).
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To discover, design, and optimize AMPs, many computational techniques are
being applied with the processes represented in Figure 6;

1) Pattern recognition algorithms: used to discover bioactive templates that are
encoded into natural biomolecules by comparing them to known bioactive
molecules. This tool enables to template based rational design of novel
compounds (91).

2) Molecular modelling and Dynamicss: used to analyze structure-activity
relationship of the compounds and to investigate mode of action and specific
interactions of AMPs (89).

3) Genetic Algorithms: to generate antimicrobial candidates from database using
physicochemical properties ranked in a fitness function. Fitness function
classifies the novel molecules generated and makes them undergo high-
throughput screening.

4) Machine Learning and deep learning: use statistical techniques to make the
computer system to be able to learn and improve their performance as far as
generating bioactive compounds from physicochemical and biological activity
data (88,91).

2.4 Polymers

Any member of the family of natural or manufactured materials known as
polymers is made up of very big molecules, or macromolecules, which are
combinations of smaller chemical compounds, or monomers. Nearly every aspect of
everyday life involves polymer materials in some sort. Rubber tires, foam insulation
and cushions, high-performance athletic footwear, clothing, and materials are only a
few examples where polymers are the key constituents (92). Polymers also are
essential to many new technologies. Examples include "plastic electronics”, gene
treatment, electric vehicles, and fuel cells etc. A qualified chemist, materials
researchers, or chemical engineer must, in short, have a decent understanding of the
characteristics of molecular chains and how they contribute to the several favorable

characteristics of materials including polymers. Including all living things, human
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body too based on polymer backbones such as proteins, nucleic acids, and
carbohydrates (93).

Because of versatility of polymers, they are studied in many fields of science such
as chemistry, physics, biophysics, molecular biology, biochemistry, material sciences

and engineering.

Polymers synthesized by living organisms are named natural polymers or
biopolymers while artificially designed and synthesized types of polymers are named
synthetic polymers. Polymer synthesizing process is called polymerization that is
mainly connecting monomers to form covalent bonding or network. Synthetic
polymerization processes mainly fall in to two different concept, chain polymerization

and step-growth polymerization (4).

Synthetically designed polymers have been attracting interest for drug designing
studies over the years. They are important alternatives for the pharmaceutical industry,
as they are versatile, easy to produce, and suitable for designing in accordance with
the desired properties. One example of widely use polymer alternatives for studies on
drug design and developments are antimicrobial polymers. The utilization of polymers
as antimicrobial agents offers a number of benefits because these substances often
display long-term efficacy and no residual toxic effects, are chemically inert, non-
volatile, and do not penetrate the skin. Three groups of antibacterial polymers can be
distinguished depending on the kind of polymeric system. Biocidal polymers, which
have inherent antimicrobial effect, are one example. In addition, there are biocide-
releasing polymers, that are made up of polymers packed with biocide molecules.
Lastly, polymeric biocides are constructed on polymeric backbones with biocidal

molecules appended (2-4).
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3 MATERIALS AND METHODS

This thesis study comprises of three different project sets. Molecular modelling
investigation of the first study with the TUBITAK projet number 1187859, of the
second study with the TUBITAK projet number 2172155, and of the third study with
the TUBITAK projet number 217S060 are explained under the heading 3.1, the
heading 3.2 and the heading 3.3, respectively. Focus of the experiments for every three
study is to analyze interactions of artificially designed antimicrobial peptides with
bacterial-similar membranes and with each other; interactions of artificially designed
polymers inspired by antimicrobial peptides with again bacterial-similar membranes
and with each other by performing molecular modelling experiments. Detailed

information is explained under separate headings for each study.

3.1 Molecular Modelling Experiments on Catelicidin-Like Antimicrobial

Peptides and Their Interactions with POPE Membrane

In this study (project number: 118Z859), the conserved sequence of human
catelicidins, which also exhibit high similarity with catelicidins of many other livings
in nature, served as the basis for the general structure of the catelicidin-like peptides
created in this study. Catelicidins' amino acid sequences were retrieved from NCBI.
An LL-37 antimicrobial peptide sample was taken from the catelicidin group. This
peptide consists of a 19.3 kDa and 18 aa precursor sequence, except for the signal
sequence (94). The helix structure gives this peptide antimicrobial properties.
Antimicrobial peptides are hydrophobic and positively charged (95). Based on the
properties mentioned above, 10-20 amino acid long peptides were designed in both L-
form and D-form. Sequences and the properties of the designed peptides in the scope

of preliminary study are given in Table 3 (101).
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Table 3. Characteristics of designed catelicidin-like peptides.

. Amino-acid

Peptide Sequence Content Hydroph Net ol MV?/Ie-Cuy:?r

obicit €19

% Charge Value (g/mol)

p1 RLLLRLLRRLLRLLLR- D-Ieuglrje,L- 62.5% +7 13.2 2085.75
NH2 arginine

o RLLLRLLRRLLRLLLR- L-Ieuc_m_e, L- 62.5% 7 13.2 2085.75
NH2 arginine

p3 RLLLRLLRRLLRLLLR- L-Ieuqr}e, D- 62.5% 7 13.2 2085.75
NH2 arginine

P4 RLLLRLLRRLLRLLLR- D-Ieu(_:lr_1e, D- 62.5% 7 13.2 2085.75
NH2 arginine

3.1.1 Molecular modelling

With the molecular modelling and computational method, bilayer lipid membrane

with designed peptides system solvated in water were simulated to test antimicrobial

property of the peptides based on peptide-membrane interaction. In parallel and

consistent with the experimental research required for the peptide design, the results

were visualized and analyzed. this sets of study consists of three different sections.

Section 1:

e Molecular dynamics simulations of four designed peptides all in L-form with

short (2 ns) simulation duration.

e Molecular dynamics simulations of randomly selected peptides having “model

4” sequence in both D- and L-forms with different combinations (P2 and P4)

for relatively long (50 ns) simulations duration. Peptide models are shown in

Table 4.
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Table 4. Peptide models used in molecular dynamics simulations.

Simulation Duration

Short Long
) . Aminoacid Peptide Aminoacid
Model No Aminoacid Sequence
Form Code Form
Model 1 RLKLLLKLLR L form
Model 2 RLLRLLLRRLLLRLLR L form
L form
Model 3 RLLLRLLRRLLLRLLR
L form
P2 L Form
Model 4 RLLLRLLRRLLRLLLR
P4 D form
Section 2:

Within the scope of the study, modified peptides were obtained by adding cysteine

amino acids to the amide and carboxyl ends of 4 previously designed peptides.

C-P1 and P1-C peptides were designed by adding cysteine amino acids separately

to the amide and carboxyl ends of the Model 4-P1 peptide, which has the best

biological activity results among the peptides terminated with arginine amino acid.

The C-P1 peptide contains the amino acid cysteine at the amide end, and the P1-C

peptide at the carboxyl end. Peptides were synthesized as amide-terminated again.

Table 5. Modified peptides and their properties.

Amino Hvd Net ol Molecular
. . ydro- .
P . Weigh
eptide Sequence acid phobicity  Charge  Value eight
content (9/mol)
D-leuci
cpr  CRELLRLLRRLLRLLL - D-leucine — go oo +7 132 2188.90
R-NH2 L-arginine
D-leuci
P1-C RLLLRLLRRLLRLLLR eucine 58.82% +7 13.2 2188.90

C-NH2

L-arginine
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Section 3:

A 100 ns molecular dynamics simulation was performed for this section of the
study by positioning the C-P1 peptide formed by adding cystine to the carboxyl end of
the P1 sequence peptide in mixed D and L (D-leucine and L-arginine) form, positioned
on the POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamin) membrane in

the same way with the previous peptide-membrane system.

3.1.1.1 Structure Prediction

Section 1:

The 3D structures of the designed peptides were estimated using a de novo called
PEP-FOLD3 (96,97). PEP-FOLD3 can estimate only 3D structure of L-form amino
acid sequences. On the other hand, D and L forms share mirror images of their
structures, therefore D-form amino acids can be obtained by only changing the
direction of side chains (R-groups) without changing the locations of the amino acids

placed in a-helices.

Figure 7. P2 Peptide containing L-leucine and L-arginine in 3D format obtained by
PEP-FOLD3.
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Section 2:

The errors encountered in the peptides with mixed D and L amino acid forms used

in the first section were eliminated, and 3D structures were created by PEP-FOLD3

server for the sequence of the model4-P1 peptide with amino acid forms in the D and

L mixed (arginines L and leucines D) forms.
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Figure 8. 3D structures of a) C-P1 and b) P1-C by using PEP-FOLD3.

Section 3:

The leucine amino acids in the L form of the C-P1 peptide, whose 3D predictive

structure was created with the PEP-FOLD3 server, should be converted to the D form.

The conversion from the L form to the D form was performed with plug-in tool in the
Discovery Studio 2021 Client software(98), and the final form of the C-P1 peptide was

obtained.
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3.1.2 Molecular dynamics simulation

Section 1:

For short simulations (2 ns), all L-form peptides with different sequences which
are model 1, model 2, model3, and model 4 (P2), were placed on top of the membrane

bilayer, then the system was solvated in water.

Also, D-form of model 4 (P4) were simulated with the same kind of peptide-

membrane-water system for 2ns long simulation.

For long simulations (50 ns), L-form of model 4 (P2) and D-form of model 4 (P4)

were used in the peptide-membrane-water system.

Section 2:

In the previous simulations carried out in section 1 of the study without making
the necessary parameterizations, the error has been occurred that amino acids break
and disperse in water. New definitions in the bond parameter files were made to
ensure that the peptides did not break, and molecular dynamicss simulations of

46 ns were performed.
Section 3:

The peptide (in mixed form D and L) with Model 4 sequences was placed on the
POPE membrane surface in the water phase on the C-P1 membrane as 4 identical

pieces at a certain distance. A 100 ns long simulation of the peptide-membrane system

created was run.
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3.1.2.1 System preparation for simulation

Section 1:

3D structure of the model peptides in L-forms were generated by PEP-FOLD3
web server (66,67). CHARMMZ27 force field parameters were used to run simulations
on NAMD 2.11 software (99). To observe the orientation or attachment of the peptides
to both each other and to the membrane, 4 identical peptide molecules for every
peptide model were positioned with a distance of approximately 10 A (Angstrom)
between them and the distance of the peptides to the bacterial membrane. POPE
(phosphatidylethanolamine bilayers) membrane was selected to mimic bacterial
membrane. Placing the peptide molecules on the POPE membrane at a certain distance
was done using VMD software (100).

Though 3D structure of L-form amino acid sequences can be predicted by PEP-
FOLDS3, it is unable to generate D-form amino acid structures. Therefore, to generate
3D structure of model 4 peptide (P4) in D-form, a script was written based on the
coordinates of alpha helix structure of the model 4 in L-form. Since D-form peptides
are identical to L-forms in all respects except for their chirality, the parameters of D-
amino acids are nearly the same as their L-structured counterparts. For this reason,
molecular dynamicss models were performed based on CHARMMZ27 force field
parameters, as in other peptides. The only difference between the two molecules is the
reverse chirality of the methyl side chain and the HA atom at the CA or alpha-carbon
atom. For this reason, a new topology file was prepared for the D-form by changing
the L-chiral center in the CA atom in the existing topology file for the L-form of the
amino acids used and the NAMD 2.11 software was run in parallel, and molecular

dynamicss simulations were performed for the peptides designed in the D form.

Section 2;

3D structure of the P1 peptides containing the D and L mixed (arginines L and
leucines D) forms were generated by PEP-FOLD3 web server (66,67). CHARMM27
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force field parameters were used to run simulations on NAMD 2.11 software (99).
Unlike previous peptide simulations, the P1 peptide is positioned at a distance of more
than 10 A from the membrane and each other, as it focuses on eliminating the problem
in its parameterization. Placing the peptide molecules on the POPE membrane at a

certain distance was done using VMD software (100).

Since PEP-FOLD3 is unable to generate D-forms of amino acid sequences, D-
form sequences of P1 peptide were generated based on the same principles mentioned

previous section of the study.

Section 3:

The leucine amino acids in the L form of the C-P1 peptide, whose 3D predictive
structure was created with the PEP-FOLD3 server, should be converted to the D form.
The conversion from the L form to the D form was performed with plug-in tool in the
Discovery Studio 2021 Client software(98), and the final form of the C-P1 peptide was

obtained.

3D structure of the L form of the C-P1 peptide was generated the PEP-FOLD3
server. Conversion of the leucine amino acids in the L form of the C-P1 peptide was
made by plug-in tool in the Discovery Studio 2021 Client software(98), and the final
form of the C-P1 peptide was obtained.

Since these D-form molecules are identical in all respects except their chirality,
the parameters of D-amino acids are the same as their L-structured counterparts, except
for a few different parameters. For this reason, molecular dynamicss models were
performed using force field parameters CHARMMZ27 and CHARMM36 (for both D
and L forms) as for other peptides. Molecular dynamicss simulations were performed
for the C-P1 peptide designed in mixed form D and L by running NAMD 2.11

software.
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3.1.2.2 Steps of molecular dynamics simulation

Section 1:

Minimization: Because the system was put together artificially by VMD
membrane plugin, it most likely has many unnatural atomistic positions, which will
lead to simulation run to fail due to high velocity movement of the atoms. Thus,
minimization run was held for 2 ps timesteps to bring the system to local energy

minimum level.

Melting lipid tails: Minimization step was followed by a simulation for 0.5 ns
where all the atoms — water, ions, proteins, and lipid headgroups- were fixed except
the lipid tails. Since the system has not been equilibrated due to membrane plugin,

fixation simulation provides the proper instability.

Minimization and equilibration with protein constrained: Again, a
minimization run for 2 ps timesteps and 0.5 ns timesteps simulation, where the water
molecules were constrained and the lipids were released, were performed. To do so, it
is aimed to be proteins (peptides) surrounded by lipids without interruption of water

molecules.

Equilibration with protein released: Later, 0,5 ns timesteps long equilibration

run were applied where the whole system was released for further equilibration.

Production run: Finally, the production run was performed since the proteins

were equilibrated properly and system was ready.

Short production runs were arranged to take 2 ns timesteps.

Long production runs were arranged to take ~50 ns timesteps.

Outputs of the simulations were visualized and analyzed by using VMD software.
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Section 2:

The simulation steps that were performed for MD simulation in section 1, were
conducted for section 2, too, except for the simulation duration which is 46ns=~50ns

in this section.
Section 3:

Melting lipid tails: Minimization step was followed by a simulation for 0.5 ns
where all the atoms — water, ions, proteins, and lipid headgroups- were fixed except
the lipid tails. Since the system has not been equilibrated due to membrane plugin,
fixation simulation provides the proper instability.

Minimization and equilibration with protein constrained: A minimization run
for 0.5 ns timesteps and 0.5 ns timesteps simulation, where the water molecules were
constrained and the lipids were released, were performed. To do so, it is aimed to be

proteins (peptides) surrounded by lipids without interruption of water molecules.

Equilibration with protein released: Later, 0,5 ns timesteps long equilibration

run were applied where the whole system was released for further equilibration.

Production run: Finally, the production run was performed since the proteins

were equilibrated properly and system was ready.

The duration of simulation performed for the C-P1 peptide is 100 ns.

Outputs of the simulations were visualized and analyzed by using VMD software.
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3.2 Molecular Modelling of Polymer Composed of Mannose-Binding Lectin
Protein with POPE Membrane and with Red Blood Cell Membrane-Similar
3D-Membrane

In the second sets of study of this thesis (project number: 217Z155), within the
scope of Molecular Modelling studies, it is planned to create model membrane
structures belonging to certain species and simulate with synthetically designed
polymers (Triphenylphosphonium:mannose 5:2) inspired by antimicrobial peptides

designed earlier (101) and a reference peptide (magainin) found in nature.

In this context, besides only the model formed from POPE (1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine) and POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol) lipids of E. coli, there is also a more complex Top6 membrane model

structure consisting of the 6 main lipid species most abundant in E. coli (102).

3.2.1 Molecular modelling

With the molecular modelling and computational method, membrane bilayer that
are designed to mimic different natural membranes (bacterial membrane and red blood
cell membrane) with designed polymer systems solvated in water were simulated. The
results were visualized and analyzed. This sets of study consists of four different
sections. In the first section, only the simulation box of Top6 similar membrane were
generated and visualized in simulation box. Second section of the study aims to
investigate Triphenylphosphonium:Mannose 5:2 polymer’s activity on POPE
membrane by performing molecular dynamics simulation. Third section is not much
different from the section 2, except the simulation duration and property of P atom.
Finally, in the fourth section, activity of the Triphenylphosphonium:Mannose 5:2

polymer on red blood cell membrane was investigated.
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Section 1:

In the first section of this study, top6 membrane model was created, and also,
parameter sets of the antimicrobial similar polymers were generated for further
examination of the membrane-polymer activation by molecular dynamics simulation
processes. Furthermore, a simulation box made up of model membrane and water were

generated.

In order to provide better understanding, antimicrobial peptides which are
inspiration of the polymer in this study (101) and magainin protein (reference peptide

found in nature) were 3D modeled and compared.

Section 2:

The bilayer lipid membrane (POPE) systems of the polymers designed in the
modelling studies of the second part of this project, including water and ion, are also
modeled. In molecular modelling studies, firstly, one of the designed polymers,
Trifenilphosphosfonium:Mannose 5:2° molecular dynamics simulation and docking

methods were performed.

Section 3:

In this section of the study, MD simulation duration of the
Triphenylphosphonium:Mannose 5:2 polymer — POPE membrane extended to 200 ns
from 100 ns to understand whether the polymer creates a suitable environment for
water passage in the membrane. Sama as the previous section, simulation was run

twice for each P charge value.
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Section 4:

In this part of the project, the Triphenylphosphonium:Mannose 5:2 polymer
designed and the bilayer lipid membrane systems containing water and ions were
modeled. Firstly, the designed mannose-lectin polymer was simulated with a 3D-
formed red blood cell membrane, and then the mannose-lectin and galactose-lectin

interactions were examined by docking.

3.2.1.1 Structure prediction

Section 1:;

3D structure of peptides proven to have antimicrobial effects using Discovery
Studio 2019 software (98); The interpolated charge is visualized according to
hydrogen bonds, hydrophobicity, ionizability, and atomic charge. Synthetic polymers
synthesized in this study, which are expected to have antimicrobial effects, are
visualized, and compared similarly according to the surface distribution of their

different properties, as in Table 6.
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Table 6. Comparison of the 3D structures of the TN1 peptide, which was designed and
modeled and published in the preliminary study of this project, and the reference

natural magainin peptide according to different feature distributions (101).

Magainin

i TN1*
Representation PDB ID: 2LSA

CPK

Interpolated Charge

0,100
0,067
0,033
0,000
-0,033
-0,067
-0,100

H-Bonds

Donor

Acceptor 0

Hydrophobicity

lonizability

Basic

Acidic .

Atom Charge

0,70
0,47
0,23
0,00
-0.23
-0,47
-0.,70
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3.2.2 Molecular dynamics simulation

Section 1:

To perform molecular dynamicss simulations and obtain an equilibrated system,
Model membrane mimicking the Top6 membrane was generated by using web-based
interface, then simulation box with model membrane was visualized. It is aimed to
examine the specific interactions by choosing a membrane model specific to the

microorganism as the membrane.

Section 2;

MD simulations of Trifenilphosphosfonium:Mannose 5:2 polymer — POPE
membrane system were performed twice with different settings; first simulation was
set for 100 ns and P atoms’ charge in the polymer was set for -0,15095. Second

simulation was set for 60 ns and charge of the P atoms in the polymer was given +1.

Section 3:

MD simulations of Trifenilphosphosfonium:Mannose 5:2 polymer — POPE
membrane system were performed twice with different settings; first simulation was
set for 200 ns and P atoms’ charge in the polymer was set for -0,15095. Second
simulation was set again for 200 ns and charge of the P atoms in the polymer was given
+1.

Section 4:
Trifenilphosphosfonium:Mannose 5:2 polymer — red blood cell membrane system

simulation was run with 100 ns simulation duration with 50,000,000 timesteps and

50,000 frames. P charge parameter was set as +1.
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3.2.2.1 System preparation for simulation

Section 1:

According to the Top6 structure, a membrane model system simulation box
consisting of a total of 42492 atoms, containing the lipid bilayer, water, and ions, was
created using the membrane making graphical user interface of CHARMM (103). The
simulation box created for this model membrane system was visualized using VMD

software.

In order to carry out the molecular dynamics simulation of the designed polymers,
it is also necessary to create the parameter files of these new polymers. At this stage,
while the parameter sets of the monomers that make up the polymers were created,
qguantum simulations were made for the atom groups whose parameters are not
available in the existing libraries by using the Force Field Toolkit (ffTK), which is an
add-on in the VMD software package (104).

In order to run MD simulations, firstly, the 3-dimensional structure files
containing each atomic coordinate of the components in the system to be modeled and
the force field parameter files used to calculate the interaction forces must be obtained.
After these files are obtained in different ways for each component and combined in
accordance with the format to be used, they are modeled with a run file in which
variables such as temperature, pressure, box size components are also controlled
depending on which ensemble (NPT, NVT, etc.) to be modeled. The preparation
process of the input files mentioned here varies according to each system and the

content of the modelling to be done.

Section 2;

In order to run MD simulations, firstly, 3-dimensional structure files containing

each atomic coordinate of the components in the system to be modeled were obtained.
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The CACTUS server of the National Cancer Institute (NHI-NCI) in the USA was used
for the 3D structures of the newly designed polymers (105).

The force field parameter files used to calculate the interaction forces were
obtained. The parameter files of these new polymers were obtained separately for each
monomer, and the structure and parameter input file of the whole polymer were created
by combining these monomers using VMD commands. While the parameter sets of
oxanorbornene monomer part presenting in all monomer types that make up the
polymers were created, quantum simulations were made for the atom groups whose
parameters are not available in the existing libraries by using the Force Field Toolkit
(FfTK), which is an add-on in the VMD software package (104). As a result,
CHARMM-compatible force parameter sets were obtained with potential energy
surface (PES) scans (106). In the quantum calculations here, this toolkit used 6-31G*
as the standard (default) base set and MP2 as the theory method. TRUBA
computational resources are used for the Gaussian software required for these quantum

calculations (107).

The necessary parameters for the mannose portion of monomer were obtained
from the CHARMM force field libraries. For Triphenylphosphonium, first of all, the
structure files of the structure with the ID number 59474155 were downloaded from
the Zinc database, and a psf template was created with the Molfacture tool of VMD
and modified on this template. The first simulation was performed with the parameter
sets of the Triphenylphosphonium cation used in the article published by Firaha et al.
in 2017 (108).

In the first simulation, the electronic charge on the P atom is set to -0.15095. Then,
a second simulation was made by changing the charge on the P atom to +1 within these

parameter sets.
After obtaining the parameter sets required for the polymers in both simulations,

molecular dynamicss (MD) models were made by combining these polymers with the
membrane system that we created at first, including water and ions. The double-layer
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model POPE membrane system, which is generally used for bacteria, was created with
water on both sides. Designed Triphenylphosphonium:Mannose 5:2 polymer
molecules were located diagonally in the water layer on the bacterial membrane with
a distance of 12.5 A. For these MD simulations, the NAMD software was run in

parallel on a workstation with high performance computing capacity.

Section 3:

Exact same polymer-membrane system used in Section 2 was used in this section,

too. Only difference is the duration of the simulation which was increased to 200 ns.

Section 4:

Arrangements of the previously designed polymer were made using VMD
software, and CHARMM 27 and CHARMM 36 force-field libraries were used for
simulation (103). The double-layer membrane surface in the structure of the red blood
cell membrane, on which the polymer will be positioned, was created with the
CHARMM-GUI membrane creation tool, which is a web-based graphical interface
(109-111). The component ratios of the designed membrane were created by
considering the literature (112). Accordingly, for both the inner and outer lipid layer,
50% 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 50% 1,2-
Dipalmitoyl-rac-glycero-3-phosphocholine (DPPC) lipids were used. The water
thickness on the membrane surfaces is 15 A and the X and Y axis widths are set as 75
A.

The positioning of the polymer on the membrane was done using the VMD
program, and a distance of approximately 15 A was left between the polymer and the
membrane lipid surface. After the positioning process, the water molecules on the

membrane surfaces were removed.

In the last stage of the whole system, before the molecular dynamicss stage, the

membrane-polymer system was placed in the water box using the "Solvation Box™ tool
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located in the VMD interface. In this process, the boundaries of the water box are

determined in accordance with the dimensions of the system.

3.2.2.2 Steps of molecular dynamics simulation

Section 2:

Melting lipid tails: Since the lipid system provided by the membrane plug-in of
the VMD is not in equilibrium, a simulation was first performed in which everything
(water, ions, polymer, lipid headgroups) was fixed except the lipid tails. After this

simulation lasting 0.5 ns, the lipid ends became irregular.

Minimization and equilibration with protein constrained: Since we have put
the system together artificially in the computer environment, there are many unnatural
atom positions which do not have minimum energy and maximum entropy, that is,
prevent the system from being stable. For this reason, a minimization simulation
lasting 0.5 ns was performed to bring the system to its minimum local energy before

operating it with full dynamicss.

Equilibration with protein released: Later, 0,5 ns lasting equilibration run were
applied where the whole system was released with constrained polymers for further

equilibration.

Production run: Finally, the production run was performed since the polymers

were equilibrated properly and system was ready.

Outputs of the simulations were visualized and analyzed by using VMD software.

First simulations of Trifenilphosphosfonium:Mannose 5:2 polymer — POPE

membrane system with charge of P atoms as -0,15095 lasted 100 ns.
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Second simulation of the same system lasted 60 ns and charge of the P atoms in

the polymer set to +1.

Section 3:

Exact same steps applied in Section 2 were followed for this section, except for

the simulation duration. Simulation durations were increased up to 200 ns.

Section 4:

Exact same steps applied in Section 2 were followed for this section, except for
the simulation duration. However, unlike other simulation runs, the production step is
designed to last 100 ns, with 50,000,000 timesteps and 50,000 frames.

3.2.3 Docking

Section 2:

Interactions of the mannose part of the designed Triphenylphosphonium:Mannose
5:2 polymer molecule with the lectin protein, the binding energies and binding
positions of the molecules were calculated and examined using the method called
molecular docking and MGLTools software (113). For this, the structure of the lectin
protein in the pdb database was used. The binding site of the mannose group to the
lectin protein using Discovery Studio 2019 software (98).

Section 4:

In order to examine the interactions of the mannose part of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule with the lectin protein, which
is thought to have metabolic importance for the cell, the binding energies and binding
positions of the molecules were calculated and examined using the method called
molecular docking and AUTODOCK software. For this, the structure of the lectin
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protein “4xoc” PDB file (114) was used obtained from RCSB PDB database (115).
The lectin protein was separated from this complex structure using the Discovery
Studio 2021 program and brought into a monomer structure that does not contain
ligands and water. While mannose was in complex with a different structure obtained
from the RCSB database, it was abbreviated to its monomer structure using Discovery
Studio 2021 (98). After obtaining the 3D structural data of Lectin and Mannose
separately, the docking study of the interactions of the two molecules with each other
was carried out using AutoDock Tool and Autodock Vine (116). In addition, a docking

study of the lectin-galactose interaction was carried out.

3.3 Molecular Modelling Experiments of Antimicrobial Peptides and Polymers

Mimicking Antimicrobial Peptides Inspired from Nature

Last sets of study (project number: 217S060) in this thesis comprises three
different parts. In the first part of the study, original antimicrobial peptides produced
from natural amino acids, and in the second part, natural antimicrobial peptide-like
polymers were designed in the preliminary study (101), and molecular dynamicss
simulations were made. The aim of this third part of the study is to produce synthetic
derivatives inspired by the structure of these molecules that previously designed and
investigate of their antimicrobial activity in terms of resistance, efficiency and

determine whether they are wort for further studies.

3.3.1 Molecular modelling

Section 1:

Most active peptides, TN1 and TN3, were investigated by locating them on doble-
layered POPE membrane in water with different placements and different amounts.

TNG6 and D-TNG6 peptides were also simulated.
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Section 2:

For second part of this study, MD simulation of polymers were made and
analyzed. As regard to polymer used for experiments, DABCO-based (double cationic
charged) polymer was simulated locating above double-layered POPE membrane

structure.

Section 3:

In this last part of the study, modelling studies were continued with the D-TN6
peptide selected in line with previous modelling studies in Section 1. The simulation

created with the D-TNG6 peptide was extended to 600 ns.

3.3.1.1 Structure prediction

Section 1:

The peptide predicted 3D structures were acquired with PEP-FOLD3 web server
during the previously conducted study mentioned before. Nevertheless, since 3D
structure of D-TN6 couldn’t be estimated by PEP-FOLD3, D-TN6 structure was
generated by using the code created for d-form amino acids, which were also used in

the previous sections.

Section 2:

3-dimensional structure files of polymer to be used in this study containing each
atomic coordinate of the components in the system to be modeled were generated by
the CACTUS server of the National Cancer Institute (NHI-NCI) in the USA (105). 3D
structures of peptides proven to have antimicrobial effects and polymer designed
expected to have antimicrobial effects are compared and visualized depending on their
interpolated charge, hydrogen bonds, hydrophobicity, ionizability, and atomic charge

using Discovery Studio 2019 software, as in Table 7 (98).
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Table 7. Comparison between designed DABCO-based polymer, the 3D structures of
the TN1 peptide, which was designed and modeled and published in the preliminary
study of this project, and the reference natural magainin peptide according to different
feature distributions (101).

Representation *
P LLs PDB ID: 2LSA

Synthesized Polymer

CPK

Interpolated Charge

0,100
0,067
0,033
0,000
-0,033
-0,067
-0,100

H-Bonds

Donor

Acceptor ©

Hydrophobicity

3,00
2,00
1,00
0,00
-1,00
-2,00
-3,00

lonizability

Basic

Acidic .

Atom Charge

0,70
047
023°
0,00
-0,23
-0.47
-0,70
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Section 3:

Structure prediction of D-TNG6 has been made before.
3.3.2 Molecular dynamics simulation
Section 1:

In the first section, using multi-core high-performance computers, the double-
layered lipid membrane (POPE) systems of the designed peptides in water were
modeled and it was investigated whether they have antimicrobial properties by
affecting the membranes of microorganisms. Molecular dynamics simulations with
different settings using TN1, TN3, TN6 and D-TN6 are listed under the system
preparation part below.

Section 2:

Simulation system composed of DABCO-based polymer and double-layered
POPE membrane in water was simulated to investigate whether the designed polymer
has antimicrobial effects.

Section 3:

MD Simulation of D-TNG6 peptide was proceeded up to 600 ns to observe how D-

TNG6 peptide would behave if it could be simulated for longer period.

3.3.2.1 System preparation for simulation

Section 1;

For molecular dynamics simulation of antimicrobial peptides, respectively; TN3-
rectangular (12-pack), TN3-ring (12-pack), TN3-isoleucine (4-pack), TN3-valine (4-
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pack), TN1-isoleucine (4-pack), TN1-valine (4-pack), TN6 (4-pack), D-TNG6 (4-pack)

peptide membrane systems were prepared.

Molecular dynamics simulations were performed by running CHARMM27 force
field parameters and NAMD 2.11 software in parallel. Placing the peptide molecules

on the POPE membrane at a certain distance was done using VMD software.

e TN3 peptides were placed on POPE membrane with 10 A distance to
membrane and to each other as 12 identical peptides in a rectangular shape.
Simulation duration was set to 100 ns.

e TN3 peptides were placed on POPE membrane with 10 A distance to
membrane and to each other as 12 identical peptides in circular shape.
Simulation duration was set to 100 ns.

e TN3 peptides containing isoleucine instead of leucine were placed on POPE
membrane with 10 A distance to membrane and to each other as 4 identical
peptides. Simulation duration was set to 10 ns.

e TN3 peptides containing valine instead of leucine were placed on POPE
membrane with 10 A distance to membrane and to each other as 4 identical
peptides. Simulation duration was set to 10 ns.

e TN1 peptides containing isoleucine instead of leucine were placed on POPE
membrane with 10 A distance to membrane and to each other as 4 identical
peptides. Simulation duration was set to 10 ns.

e TNI1 peptides containing valine instead of leucine were placed on POPE
membrane with 10 A distance to membrane and to each other as 4 identical
peptides. Simulation duration was set to 10 ns.

e TN6 peptides were placed on POPE membrane with 10 A distance to
membrane and to each other as 4 identical peptides. Simulation duration was
set to 100 ns.

e D-TN6 peptides were placed on POPE membrane with 10 A distance to
membrane and to each other as 4 identical peptides. Simulation duration was
set to 100 ns, then to 300 ns.
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Section 2:

Firstly, 3-dimensional structure files containing each atomic coordinate of the
components in the system to be modeled and force field parameter files used to
calculate interaction forces were obtained. After these files are obtained in different
ways for each component and combined in accordance with the format to be used, they
are modeled with a run (*.conf) file in which variables such as temperature, pressure,
box size components are also controlled depending on which ensemble (NPT, NVT,

etc.) will be modeled.

To carry out the MD simulation of the designed sample polymer, the parameter
files of this new polymer were obtained for a single monomer, and the structure and
parameter input file of the whole polymer were created by combining these monomers
using VMD commands. At this stage, the parameter sets of the oxanorbornene
monomer part in all monomer types, using the Force Field Toolkit (ffTK) which is an
add-on in the VMD software package, quantum simulations were made for the atom
groups whose parameters are not available in the existing libraries. As a result,
CHARMM-compatible force parameter sets were obtained with potential energy
surface (PES) scans (106).

In the quantum calculations here, ffTK used 6-31G* as the standard (default) base
set and MP2 as the theory method. TRUBA computational resources are used for the
Gaussian software required for these quantum calculations (107). Parameters for other

parts of the monomer were obtained from existing CHARMM force field libraries.

After obtaining the necessary parameter sets for the polymers, molecular
dynamicss models were carried out by combining the parameters in the CHARMM27
force field libraries, literature, and quantum optimization by running the NAMD 2.11
software in parallel. Placing the polymer molecules on the POPE membrane at a
certain distance was done using VMD software. To observe the orientation or behavior

of the polymers to both each other and to the membrane, 4 identical polymer molecules
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were positioned at a distance of approximately 10 A from each other and the bacterial

membrane.

Section 3:

Four identical D-TN6 peptide molecules were positioned above the POPE
membrane in water with a distance of approximately 10 A between them and to the

bacterial membrane.

3.3.2.2 Steps of molecular dynamics simulation

Section 1:

Melting lipid tails: Since the lipid system provided by the membrane plug-in of
the VMD is not in equilibrium, a simulation was first performed in which everything
(water, ions, polymer, lipid headgroups) was fixed except the lipid tails. After this

simulation lasting 0.5 ns, the lipid ends became irregular.

Minimization and equilibration with protein constrained: Since we have put
the system together artificially in the computer environment, there are many unnatural
atom positions which do not have minimum energy and maximum entropy, that is,
prevent the system from being stable. For this reason, a minimization simulation
lasting 0.5 ns was performed to bring the system to its minimum local energy before

operating it with full dynamicss.
Equilibration with protein released: Later, 0,5 ns lasting equilibration run were
applied where the whole system was released with constrained polymers for further

equilibration.

Production Run: Finally, the production run was performed since the polymers

were equilibrated properly and system was ready.
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Outputs of the simulations were visualized and analyzed by using VMD software.
Section 2:

Same simulation steps as in previous part were followed. Only difference from
the previous modelling experiment is the simulation duration which is set to 150 ns for
this section’s MD simulations.

Section 3:

Same simulation procedure with the simulations made in previous sections was

followed through. Only the simulation duration was increased to 600 ns.
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4 RESULTS

4.1 Molecular Modelling Experiments on Catelicidin-Like Antimicrobial

Peptides and Their Interactions with POPE Membrane

4.1.1 Molecular dynamics simulation

Section 1:

Short (2 ns) simulations: During the design of antimicrobial peptide molecules,
it was aimed to calculate the interactions of peptides with microorganism membranes
by using molecular modelling and computational methods, and the analysis of the
results was performed simultaneously with the experimental studies required for the

peptide design, in a simultaneous and feedback manner.

By making short simulations of the designed 4 peptide models (all of them in L-

form), their tendency towards the membrane from the water phase was investigated.

Model 1 Peptide — RLKLLLKLLR

The Model 1 sequence peptide structure was first placed on the membrane place
in the water phase, as shown in Figure 9, in 4 pieces, with a distance of approximately

10 A to the membrane and to each other.
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Figure 9. Rectangular positioning of the Model 1 peptide molecule on the bacterial
membrane and in water, a) top view, b) side view, c¢) corner view. Water molecules
are shown with red dots, phosphate molecules with green VDW balls, membrane lipids
with light blue lines, peptides with purple alpha helix structure, New

Cartoon/Secondary Structure, and atoms with CPK notation.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a short (2ns) MD simulation was performed primarily for the
model 1 sequence peptide-membrane system. In Figure 10, this simulation result of
the model 1 peptide is visualized from the side. As visualized in this way, it has been
observed that model 1 molecules tend to move towards the membrane and enter the

membrane during this simulation period.
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Figure 10. Short molecular simulation result after positioning the Model 1 peptide
molecule on the bacterial membrane and in water, a) side view, b) zoomed-in view.
Water molecules are shown in red-white, phosphate molecules in green balls,
membrane lipids in light blue, alpha helix structure of peptides and atoms in purple.

It is observed in Figure 10 that 4 peptides with Model 1 sequence, all in L form,
are directed to the membrane and one of the peptides is very close to the membrane.
The graph of the distance (A) of a converging atom of the Model 1 peptide to a P atom

on the membrane according to the time step is given in Figure 11.
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Figure 11. Graph of the distance (A) of the Model 1 peptide (ARG1:NH2) to the

membrane (POPE28:P) versus time step.

Model 2 Peptide — RLLRLLLRRLLLRLLR

The Model 2 sequence peptide structure was first placed on the membrane place

in the water phase, as shown in Figure 12, in 4 pieces, with a distance of approximately

10 A to the membrane and to each other.
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Figure 12. Circular positioning of the Model 2 peptide molecule on the bacterial
membrane and in water, a) top view, b) side view, c¢) corner view. Water molecules
are shown with red dots, phosphate molecules with green VDW balls, membrane lipids
with light blue lines, peptides with purple alpha helix structure, New

Cartoon/Secondary Structure, and atoms with CPK notation.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a 2 ns MD simulation was performed. In Figure 13, this
simulation result of the model 2 peptide is visualized from the top and the side. As
visualized in this way, it was observed that the Model 2 peptide molecules tended
towards the membrane and penetrated into the membrane during this simulation time,

which lasted for 2 ns.
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Figure 13. Molecular simulation lasting 2 ns after positioning the Model 2 peptide
molecule on the bacterial membrane and in water, a) side view, b) zoomed-in view.
Water molecules are shown in red-white, phosphate molecules in green balls,

membrane lipids in light blue, alpha helix structure of peptides and atoms in purple.

The graph of the distance (A) of a converging atom of the Model 2 peptide to a P

atom on the membrane according to the time step is given in Figure 14.
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Figure 14. Graph of the distance (A) of the Model 2 peptide (ARG16:CA) to the

membrane (POPE3:P) versus time step

Model 3 Peptide — RLLLRLLRRLLLRLLR

The Model 3 sequence peptide structure was first placed on the membrane place
in the water phase, as shown in Figure 15, in 4 pieces, with a distance of approximately

10 A to the membrane and to each other.
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Figure 15. Positioning of the Model 3 peptide molecule on the bacterial membrane and
in water, a) top view, b) side view, c) corner view. Water molecules are shown with
red dots, phosphate molecules with green VDW balls, membrane lipids with light blue
lines, peptides with purple alpha helix structure, New Cartoon/Secondary Structure

and atoms with CPK notation.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a 2 ns MD simulation was performed. This simulation result of
the Model 3 peptide is visualized in Figure 16. As seen in this figure, it was observed
that the Model 3 molecules tended towards the membrane during this short simulation

time of 2 ns.
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Figure 16. Molecular simulation lasting 2 ns after positioning the Model 3 peptide
molecule on the bacterial membrane and in water, a) side view, b) zoomed-in view.
Water molecules are shown in red-white, phosphate molecules in green balls,

membrane lipids in light blue, alpha helix structure of peptides and atoms in purple.

The graph of the distance (A) of a converging atom of the Model 3 peptide to a P

atom on the membrane according to the time step is given in Figure 17.
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Figure 17. Graph of the distance (A) of the Model 3 peptide (ARG16:NH1) to the
membrane (POPE30:H1) versus time step

Model 4 Peptide — RLLLRLLRRLLRLLLR

The Model 4 sequence, all in L-form, peptide structure (P2) was first placed on
the membrane place in the water phase, as shown in Figure 18, in 4 pieces, with a

distance of approximately 10 A to the membrane and to each other.
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Figure 18. Positioning of the Model 4 (P2) peptide on the bacterial membrane and in
water, a) top view, b) side view, c¢) corner view. Water molecules are shown with red
dots, phosphate molecules with green VDW balls, membrane lipids with light blue
lines, peptides with purple alpha helix structure, New Cartoon/Secondary Structure

and atoms with CPK notation.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a total of 2 ns MD simulation was carried out. This simulation
result of Model 4 (P2) peptide is visualized in Figure 19. As visualized in this way, it
was observed that the Model 4 peptide molecules tended towards the membrane during

this short simulation time of 2 ns.
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Figure 19. Molecular simulation lasting 2 ns after positioning the Model 4 (P2) peptide
molecule on the bacterial membrane and in water, a) side view, b) zoomed-in view.
Water molecules are shown in red-white, phosphate molecules in green balls,
membrane lipids in light blue, alpha helix structure of peptides and atoms in purple.

The graph of the distance (A) of an approaching atom of the Model 4 (P2) peptide
to a P atom on the membrane according to the time step is given in Figure 20.
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Figure 20. Graph of the distance (A) of the Model 4 peptide (ARG16:NH2) to the
membrane (POPE29:P) versus time steps.
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Long (~50 ns) Simulations:

In this section, as a result of short (2ns) simulations for elimination, long (~50 ns)
simulations of L and D form peptides belonging to the model 4 peptide sequences
selected for experimental studies among four models were performed, and the results

were visualized and presented.

Model 4 Sequence all in L-form: Peptide P2

Since the initial structure of the P2 peptide is the same as the t=0 initial structure
of the model 4 in the short simulation, 4 identical pieces of P2 were placed on the
membrane in the water phase with a distance of approximately 10 A to the membrane
and to each other. After the short simulation stages, the simulation time was extended

to 50 ns, and a long simulation to be used for detailed analysis was carried out.

In Figure 21, this simulation result of the P2 (all L-form model with 4 sequences)
peptide is visualized. It was observed that during this long simulation period of ~50ns,
the P2 peptide molecules were directed towards the membrane and the atoms at their

ends began to enter between the membrane P atoms.
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Figure 21. 50ns molecular simulation carried out after the P2 peptide molecule is
positioned on the bacterial membrane and in water. a) and b) the appearance of the
single conjugated peptide, c) and d) the triple converged peptide. Water molecules

are shown in red-white, phosphate molecules in green balls, membrane lipids in light

blue, alpha helix structure and atoms of peptides in purple.

The graph of the distances (A) of the two approaching atoms of the P2 peptide to
two of the P atoms on the membrane according to the time step is given in Figure 22.
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Figure 22. Graph of the distances (A) of the P2 peptide to the membrane (between
ARG1:NH2-POPE3:P and ARG5:NH2-POP11:P atom pairs) versus time step.

Model 4 Sequence all in D-form: Peptide P4

The four identical P4 peptide structures were first placed in the water phase on the
membrane as shown in Figure 23, with a distance of approximately 10 A to the
membrane and to each other.
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Figure 23. Positioning of the P4 peptide molecule on the bacterial membrane and in
water, a) top view, b) side view, c) corner view. Water molecules are shown with red
dots, phosphate molecules with green VDW balls, membrane lipids with light blue
lines, peptides' structure is shown with New Cartoon/Secondary Structure and atoms

are with CPK notation.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a 50ns MD simulation was carried out. This simulation result
of the P4 peptide is visualized in Figure 24. It was observed that during this long
simulation period of 50ns, P4 molecules tended to the membrane and began to enter

between the P atoms on the membrane, causing deformation on the membrane surface.

82



b)

b IS S g A s {3
ERFe’oag CETe o 4O
- 0003: e ‘ge 3‘03““‘ Seog
@ ©© :
o0 § %% ¢ cq &o
e 2% SN

G RYEVE TG i | 5] :I L

Figure 24. 50ns molecular simulation carried out after the P4 peptide molecule is

positioned on the bacterial membrane and in water. a) and b) side view from different

angles, ¢) and d) close-up view of the initiation of the membrane entry. Phosphate

molecules are shown as green balls, lipids as light blue lines, atoms of peptides as

CPK.

The graph of the distance (A) of an approaching atom of the P4 peptide to one of

the P atoms on the membrane according to the time step is given in Figure 25.
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Figure 25. Graph of the distance (Angstrom) of the P4 peptide (DAR16:NH2) to the
membrane (POPES5:P) versus time step.

When the molecular modelling results were examined, it was seen that all 4
peptides belonging to the model sequences that were emphasized during the design
phase were directed to the membrane as a result of short-term (2 ns) simulations. The
simulation time was extended (to 50 ns) for L and D form peptides from model 4
sequences, which were found to have good MIC values in experimental results. As a
result of long simulations, it was observed in the simulations that both the L (P2) and

D forms (P4) of the model 4-sequence peptide began to penetrate into the membrane.
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Section 2:
Model4-P1 Peptide

(Arginine L- form and Leucine D-form RLLLRLLRRLLRLLLR)

Figure 26. Positioning of the Model4-P1 peptide molecule on the bacterial membrane
and in water, a) top view water and lipids closed, b) side view, c) side lipids closed
view, d) lipids and water closed view. Water molecules are shown as red dots,
phosphate molecules collect pure VDW, membrane lipids are shown as blue lines,

atoms of peptides are shown as CPK notation.
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Figure 26. Positioning of the Model4-P1 peptide molecule on the bacterial membrane
and in water, a) top view water and lipids closed, b) side view, c) side lipids closed
view, d) lipids and water closed view. Water molecules are shown as red dots,
phosphate molecules collect pure VDW, membrane lipids are shown as blue lines,

atoms of peptides are shown as CPK notation (continued).
After the simulation system shown in the figure above was prepared, it was used

as the initial input and a total of ~46 ns MD simulation was performed. This simulation

result of Model4-P1 peptide is visualized in Figure 27. It was observed that the
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Model4-P1 peptide molecules tended to stick to the membrane during the simulation

period.
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Figure 27. Molecular simulation with ~46 ns duration after positioning the Model4-P1
peptide molecule on the bacterial membrane and in water, a) side view, b) view from
a different angle. Water molecules and lipids are closed when visualizing, phosphate

molecules collect yellow VDW, peptides are shown with CPK atoms.
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Section 3:
Model 4 Peptid

C-P1 form (Cystine - Arginine in L- and Leucine in D-form C-RLLLRLLRRLLRLLLR)

The peptide (C-P1) structure (in mixed form D and L) with Model 4 sequences
was first placed on the membrane as 4 identical pieces in the water phase on the POPE
membrane as seen in Figure 28. A simulation box of approximately 80x80x112

Angstrom dimensions was created and modeled.

Figure 28. Positioning of the Model4 C-P1 peptide molecule on the bacterial
membrane and in water, a) top view water and lipids closed, b) side view, c) side lipids
closed view, d) lipids and water closed view. Water molecules are shown as red dots,
phosphate molecules collect pure VDW, membrane lipids are shown as blue lines,

atoms of peptides are shown as CPK notation.
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Figure 28. Positioning of the Model4 C-P1 peptide molecule on the bacterial
membrane and in water, a) top view water and lipids closed, b) side view, c) side lipids
closed view, d) lipids and water closed view. Water molecules are shown as red dots,
phosphate molecules collect pure VDW, membrane lipids are shown as blue lines,

atoms of peptides are shown as CPK notation (continued).

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a total of 100 ns MD simulation was carried out. This simulation

result of Model4 C-P1 peptide is visualized in Figure 29. It was observed that the
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Model4 C-P1 peptides tended to be directed and adhered to the membrane during the

simulation.
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Figure 29. Molecular simulation of 100 ns duration after positioning the Model4 C-P1
peptide molecule on the bacterial membrane and in water, a) side view, b) view from
a different angle. Water molecules and lipids are closed when visualizing, phosphate

molecules collect yellow VDW, peptides are shown with CPK atoms.
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4.2 Molecular Modelling of Polymer Composed of Mannose-Binding Lectin
Protein with POPE Membrane and with Red Blood Cell Membrane-Similar
3D-Membrane

4.2.1 Molecular dynamics simulations

Section 1:

According to the Top6 structure, a membrane model system simulation box

consisting of a total of 42492 atoms, containing the lipid bilayer, water, and ions, was

created, and visualized using VMD software.
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Figure 30. The simulation box designed within the scope of the project with the Top6
membrane by molecular modelling methods, from different angles; a) from the front
b) from the top, and c) View from the side corner. Red oxygen, white hydrogen, with
water molecules CPK notation; turquoise with line representation of lipid molecules;
P atoms of the lipid heads are green with vdW notation; and ions are shown in yellow

with vdW notation.
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Section 2:

b)

Figure 31. Positioning the designed Triphenylphosphonium:Mannose 5:2 polymer
molecule on the bacterial membrane and in water. Water molecules are shown in red-
white, phosphate molecules in yellow balls, membrane lipids in blue, polymer CPK
notation. a) Cross-sectional view of the membrane and polymer. b) View of the

membrane and polymer from above.
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Figure 32. Molecular simulation result lasting 100ns after positioning the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule (P charge: -0.15095) in
bacterial membrane and water. a) Phosphate molecules are shown as yellow balls,
membrane lipids in blue, polymer CPK notation. b) Lipid ends are not shown in order

to better see the interaction between the polymer and the membrane.
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b)

Figure 33. Molecular simulation lasting 60 ns after the positioning of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule (P charge: +1) in the bacterial
membrane and water. a) Water molecules are shown in red-white, phosphate
molecules in yellow balls, membrane lipids in blue, polymer CPK notation. b) The
view of the water being closed in order to better see the interaction between the
polymer and the membrane. ¢) The image of the lipid ends being closed in order to
better see the interaction between the polymer and the membrane. d) Another view of
the end where the polymer enters the membrane.
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Figure 33. Molecular simulation lasting 60 ns after the positioning of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule (P charge: +1) in the bacterial
membrane and water. a) Water molecules are shown in red-white, phosphate
molecules in yellow balls, membrane lipids in blue, polymer CPK notation. b) The
view of the water being closed in order to better see the interaction between the
polymer and the membrane. c) The image of the lipid ends being closed in order to
better see the interaction between the polymer and the membrane. d) Another view of

the end where the polymer enters the membrane (continued.

When the simulations were examined, it was observed in both simulations that the

polymer moved towards the membrane and eventually penetrated into the membrane
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so that the mannose group remained in the membrane. Meanwhile, it is visualized in
Figure 34 that the root-mean-square-deviation graph of the polymer molecule, which
was initially positioned linearly, also converges depending on the time step, that is, the

polymer forms a stable conformation.

— tmanpoly_mem_solvated_cleanS psf (1)

RMSD (Angstrom)
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Figure 34. Time step root mean square deviation plot of the designed

Triphenylphosphonium:Mannose 5:2 polymer molecule.

The graph of the distance (Angstrom) of the Triphenylphosphonium:Mannose 5:2
polymer from the membrane in the second 60 ns simulation according to the time step
is given as distance-time graph in Figure 35. When this graph is examined, it is seen
that the polymer molecule, which was first deployed at a distance of 12.5 Angstrom,
converges to the membrane with back-and-forth movements, and the distance between
the polymer and the membrane is 0 in the 16000th step, each of which is 2 fs, in about
32 ns. When the simulation was examined, it was observed that the
triphenylphosphonium group first entered the membrane after adhering to the
membrane, but then left, and the mannose group remained there during the simulation

period after entering the membrane.
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Figure 35. Graph of the distance (Angstrom) of Triphenylphosphonium:Mannose 5:2
polymer from the membrane versus time step (2fs/step)

Section 3:

Molecular simulation results lasting 200 ns after the positioning of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule in the bacterial membrane and
water are shown in Figure 36 and Figure 37.
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Figure 36. Molecular simulation lasting 200ns after positioning the polymer molecule
(P charge: -0.15095) in bacterial membrane and water. a) Water molecules are red-
white, phosphate molecules collect yellow VDW, membrane lipids are shown with
blue lines, polymer CPK notation. b) The view of the water being closed in order to
better see the interaction between the polymer and the membrane. ¢) The image of the
lipid ends being closed in order to better see the interaction between the polymer and

the membrane. d) Another view of the end where the polymer enters the membrane.
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Figure 36. Molecular simulation lasting 200ns after positioning the polymer molecule

(P charge: -0.15095) in bacterial membrane and water. a) Water molecules are red-
white, phosphate molecules collect yellow VDW, membrane lipids are shown with
blue lines, polymer CPK notation. b) The view of the water being closed in order to
better see the interaction between the polymer and the membrane. c) The image of the
lipid ends being closed in order to better see the interaction between the polymer and
the membrane. d) Another view of the end where the polymer enters the membrane

(continued).
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Figure 37. Molecular simulation lasting 200ns after the positioning of the polymer

molecule (P charge: +1) in the bacterial membrane and water. a) Water molecules are

red-white, phosphate molecules collect yellow VDW, membrane lipids are shown with

blue lines, polymer CPK notation. b) The view of the water being closed in order to

better see the interaction between the polymer and the membrane. ¢) The image of the
lipid ends being closed in order to better see the interaction between the polymer and

the membrane. d) Another view of the end where the polymer enters the membrane.
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When the simulations are examined, in both simulations, the polymers observed
in the second section of the second study, where the polymer moves towards the
membrane and eventually begins to enter the membrane so that the mannose group
remains in the membrane, during the simulation period between 100-200ns presented
in this third section of the study, the polymers partially enter and exit the membrane,
similar to the first 100ns. It was observed that it did not enter the membrane and take

a vertical position.
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Section 4:

a)
o [ =
: ;_;,J

b)

Figure 38. Positioning the designed Triphenylphosphonium:Mannose 5:2 polymer
molecule on the bacterial membrane and in water. Water molecules are shown in red-
white, phosphate molecules in yellow balls, membrane lipids in blue, polymer CPK
notation. a) Cross-sectional view of the membrane and polymer. b) View of the

membrane and polymer from above.
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Figure 39. Molecular simulation result lasting 100ns after positioning the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule (P charge: +1) in bacterial
membrane and water. a) Phosphate molecules are shown as yellow balls, membrane
lipids in blue, polymer CPK notation. b) Lipid ends are not shown to see the interaction
between the polymer and the membrane better.
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When the simulation was examined, it was observed that the polymer oriented
towards the membrane and eventually penetrated the membrane so that the mannose
group remained in the membrane. Meanwhile, it is visualized in Figure 40 that the
root-mean square deviation graph of the polymer molecule, which was initially
positioned linearly, also converges to the time step, that is, the polymer forms a stable
conformation.
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Figure 40. Time step root mean square deviation plot of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule.

The graph of the distance (A) of the Triphenylphosphonium:Mannose 5:2 polymer
from the membrane in the second 100ns simulation according to the time step is given
in Figure 41.
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Figure 41. Graph of the distance (A) of Triphenylphosphonium:Mannose 5:2 polymer

from the membrane versus time step (2fs/step).

When this graph is examined, it is seen that the polymer molecule, which was first

positioned at a distance of about 15 A, converges to the membrane with back-and-forth

movements, and after the 30000th step, the distance between the polymer and the

membrane becomes 0 in 2 fs steps, that is, in approximately 60 ns. When the simulation

was examined, it was observed that the triphenylphosphonium group first entered the

membrane after adhering to the membrane, but then came out, while the mannose

group remained there during the simulation period after entering the membrane.
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4.2.2 Docking

Section 2:

Figure 42. Investigation of the interaction of lectin protein and mannose group with
MGLTools software (113). The lectin protein is shown in light gray, and the monomer
part of the polymer containing the mannose group is shown in pink and dark gray by

choosing the molecular surface representation.
When the shape and docking results were examined, it was found that the docking

binding score was -1.14, where mannose binds to the lectin protein from a binding site

containing LYS and ARG amino acids.
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Section 4:

Using the AutoDock Tool and Autodock Vine, the docking investigation of the
interactions between the two molecules was conducted after acquiring the 3D

structural data of Lectin and Mannose independently.

The binding score (affinity) for lectin- mannose was discovered to be -6.4. A
docking analysis of the lectin-galactose interaction was also conducted. It is intended
to compare how mannose and galactose interact through this process. The results
showed that the lectin-galactose docking interaction score was -6.5. The data showed
that mannose and galactose showed a negligible difference when interacting with the

lectin protein.

Figure 43. Investigation of the interaction of lectin protein and mannose group with
Discovery Studio (2021) software. Lectin protein is shown in “solid ribbon” format in

turquoise, red and green, Mannose monomer is shown in CPK format in black and red.
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Figure 44. Investigation of the interaction of lectin protein and galactose group with
Discovery Studio (2021) software. Lectin protein is shown in “solid ribbon” format in

turquoise, red and green, Mannose monomer is shown in CPK format in black and red.

4.3 Molecular Modelling Experiments of Antimicrobial Peptides and Polymers

Mimicking Antimicrobial Peptides Inspired from Nature

Here, the visualizations of the initial input and output positions obtained as a result
of the modelling for the peptide membrane systems simulated, the distances of the
peptides from the P atoms of the membrane depending on the time step, and the root
mean square deviation graphs are given. In addition, the comparison of the contact
times of each amino acid and the phosphate ends of the bacterial membrane in
percentage terms for the L and D forms of the selected TN6 peptide is shown in the
Table 8 and Table 9:

4.3.1 Molecular dynamics simulation

Section 1:
TN3 Peptide — 12 pack in rectangular shape
The TN3 peptide structure was first placed in the water phase on the membrane,

as seen in Figure 45 with 12 peptides at a distance of approximately 10 A to the

membrane and to each other.
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Figure 45. Rectangular positioning of the TN3 peptide on the bacterial membrane and
in water, a) side view, b) side cross view, c¢) top view. Water molecules are shown in
red-white, phosphate molecules in green balls, membrane lipids in light blue, alpha

helix structure of peptides and atoms in purple.
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After the simulation system shown in the figure above was prepared, it was used
as the initial input and a 100ns MD simulation was carried out. In Figure 46, this
simulation result of the TN3 peptide is visualized from the top and the side. It has been
observed that TN3 molecules tend to move towards the membrane and enter the

membrane during this simulation period of 100ns.

Figure 46. Molecular simulation lasting 100 ns after the TN3 peptide is positioned on
the bacterial membrane and in water, a) side view (lipid ends and water molecules are
closed for better observation of membrane entry), b) top view. Water molecules are
shown in red-white, phosphate molecules in green balls, membrane lipids in light blue,

alpha helix structure of peptides and atoms in purple.
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The graph of the distance (Angstrom) of the TN3 (rectangularly positioned)
peptide to the membrane is given in Figure 47, and the root mean square deviation

graph is given in Figure 48.

It is observed in Figure 46 that the peptides positioned as 12 and rectangular shape
are grouped in a maximum of 4 peptide pack. For this reason, peptides continued to be

positioned as 4 to save time and computer power.

Distance (Angstrom)

Timestep (20fs/step)

Figure 47. Graph of TN3 peptide's distance from the membrane (Angstrom) versus

time step.
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Figure 48. Graph of root mean square deviation of TN3 peptide with respect to

timestep
TN3 Peptide — 12 pack in circular shape
As seen in Figure 49, the TN3 peptide structure was first placed in 12 pieces in

the water phase on the membrane, with a distance of approximately 10 A to the

membrane and to each other.
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Figure 49. Circular positioning of the TN3 peptide on the bacterial membrane and in
water, a) side view, b) side cross view, c) top view. Water molecules are shown in red-

white, phosphate molecules in green balls, membrane lipids in light blue, alpha helix

structure of peptides and atoms in purple.
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Figure 49. Circular positioning of the TN3 peptide on the bacterial membrane and in
water, a) side view, b) side cross view, c) top view. Water molecules are shown in red-
white, phosphate molecules in green balls, membrane lipids in light blue, alpha helix

structure of peptides and atoms in purple (continued).
After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 100ns MD simulation was carried out. In Figure 50, this
simulation result of the TN3 peptide is visualized from the top and the side. It has been
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observed that TN3 molecules tend to move towards the membrane and enter the

membrane during this simulation period of 100ns.

Figure 50. TN3 molecule positioned on the bacterial membrane and in water, a) side
view (lipid ends and water molecules are eliminated for better observation of
membrane entry), b) top view. Water molecules are shown in red-white, phosphate
molecules in green balls, membrane lipids in light blue, alpha helix structure of

peptides and atoms in purple.

The graph of the distance (Angstrom) of the TN3 (located in the circular) peptide
to the membrane is given in Figure 51, and the root mean square deviation graph is

given in in Figure 52.
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It is observed in Figure 50 that the peptides positioned as 12 and ring shape are
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grouped in maximum of 4 peptide pack. For this reason, peptides continued to be
Figure 51. Graph of TN3 peptide's distance from the membrane (Angstrom) versus

positioned as 4 to save time and computer power.

time step.
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Figure 52. Graph of root mean square deviation of TN3 peptide with respect to time

step.
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TN3-isoleucine Peptide (RIRIIRIII)

As seen in Figure 53, the TN3-isoleucine peptide structure was first placed in the

water phase on the membrane in 4 pieces, with a distance of approximately 10 A to

the membrane and to each other.

b)

Figure 53. Positioning of the TN3-isoleucine peptide on the bacterial membrane and

in water, a) lateral diagonal view, b) top view. Water molecules are shown in red-

white, phosphate molecules in green balls, membrane lipids in light blue, alpha helix

structure of peptides in blue and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 10 ns MD simulation was carried out. In Figure 54, this

simulation result of the TN3-isoleucine peptide is visualized from the top and the side.

As visualized in this way, it was observed that TN3-isoleucine molecules tended

towards the membrane during this short simulation time of 10ns.
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Figure 54. As a result of molecular simulation lasting 10ns after positioning the TN3-

isoleucine peptide on the bacterial membrane and in water, a) side view (lipid ends

and water molecules are eliminated for better observation of the approach to the

membrane), b) top view. Water molecules are shown in red-white, phosphate

molecules in green balls, membrane lipids in light blue, alpha helix structure of

peptides in blue and atoms in yellow.

The graph of the distance (Angstrom) of the TN3-isoleucine peptide to the

membrane according to the time step is given in Figure 55, and the root mean square

deviation graph is given in Figure 56.
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Figure 55. Graph of the distance (Angstrom) of the TN3-isoleucine peptide from the

membrane over time.
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Figure 56. Graph of root mean square deviation of TN3-isoleucine peptide with respect
to time step.
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TN3-valine Peptide (RVVRVVRVVV)

The TN3-valine peptide structure was placed in the water phase on the membrane

as shown in Figure 57, in 4 pieces, with a distance of approximately 10 A to the

membrane and to each other.
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Figure 57. Positioning of the TN3-valine peptide on the bacterial membrane and in

water, a) lateral diagonal view, b) top view. Water molecules are shown in red-white,

phosphate molecules in green balls, membrane lipids in light blue, alpha helix structure

of peptides and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 10 ns MD simulation was performed. In Figure 58, this

simulation result of the TN3-valine peptide is visualized from the top and the side. It

was observed that TN3-valine molecules tended towards the membrane during this

short simulation time of 10 ns.
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Figure 58. Representation the result of molecular simulation lasting 10ns after
positioning the TN3-valine peptide on the bacterial membrane and in water, a) side
view (lipid ends and water molecules are closed for better observation of the approach
to the membrane), b) top view. Water molecules are shown in red-white, phosphate
molecules in green balls, membrane lipids in light blue, alpha helix structure of
peptides and atoms in yellow. (There are 3 peptides in the simulation box because one
of the peptides goes outside the periodic boundary conditions).

The graph of the distance (Angstrom) of the TN3-valine peptide from the

membrane is given in Figure 59, and the graph of root mean square deviation is given

in Figure 60.

122



Distance (Angstrom)

-8
%
-3
L
]
.

Timestep (2fs/step)

Figure 59. Graph of the distance (Angstrom) of the TN3-valine peptide from the

membrane over time.
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Figure 60. Time step-dependent root mean square deviation plot of TN3-valine
peptide.
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TN1-isoleucine Peptide (RIIRIIIRIIR)

As seen in Figure 61, the TN1-isoleucine peptide structure was first placed in the
water phase on the membrane as 4 pieces, with a distance of approximately 10 A to

the membrane and to each other.
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Figure 61. Positioning of the TN1-isoleucine peptide on the bacterial membrane and
in water, a) lateral diagonal view, b) top view. Water molecules are shown in red-
white, phosphate molecules in green balls, membrane lipids in light blue, alpha helix

structure of peptides in red and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used
as the initial input and a 10ns MD simulation was carried out. In Figure 62, this
simulation result of the TN1-isoleucine peptide is visualized from the top and the side.
It was observed that TN1-isoleucine molecules tended towards the membrane during

this short simulation time of 10ns.
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Figure 62. Representation the result of the molecular simulation lasting 10ns after the
TN1-isoleucine peptide was positioned on the bacterial membrane and in water, a) side
view, b) lipid ends and water molecules were closed in order to better observe the
approach to the membrane. Water molecules are shown in red-white, phosphate
molecules in green balls, membrane lipids in light blue, alpha helix structure of
peptides in red and atoms in yellow. (As one of the peptides crosses its periodic
boundary, it is located below in the simulation box).

The graph of the distance (Angstrom) of the TN1-isoleucine peptide to the

membrane according to the time step is given in Figure 63, and the root mean square

deviation graph is given in Figure 64.

125



Distance

Timestep (2fs/step)

Figure 63. Graph of the distance (Angstrom) of the TN1-isoleucine molecule from the

membrane over time.
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Figure 64. Graph of root mean square deviation of TN1-isoleucine peptide with respect

to time step.
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TN1-valine Peptide (RVVRVVVVRVVR)

The TN1-valine peptide structure was first placed in the water phase on the

membrane as shown in Figure 65, in 4 pieces, with a distance of approximately 10 A

to the membrane and to each other.
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Figure 65. Positioning of the TN1-valine peptide on the bacterial membrane and in

water, a) side view, b) top view. Water molecules are shown in red-white, phosphate

molecules in green balls, membrane lipids in light blue, alpha helix structure of

peptides in orange and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 10ns MD simulation was carried out. In Figure 66, this

simulation result of the TN1-valine peptide is visualized from the top and the side. It

was observed that TN1-valine molecules tended towards the membrane during this

short simulation time of 10ns.
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Figure 66. Side view of the TN1-valine peptide as a result of molecular simulation
lasting 10ns after positioning the TN1-valine molecule on the bacterial membrane and
in water (lipid ends and water molecules are closed for better observation of the
approach to the membrane). Phosphate molecules are green balls, the alpha helix
structure of peptides is shown in orange and atoms in yellow. (As two of the peptides
go outside the periodic boundary conditions, they are listed below in the simulation
box).

The graph of the distance (Angstrom) of the TN1-valine peptide from the
membrane according to the time step is given in Figure 67, and the root mean square

deviation graph is given in Figure 68.
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Figure 67. Graph of the distance (Angstrom) of the TN1-valine peptide from the
membrane over time.
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Figure 68. Time step-dependent root mean square deviation plot of TN1-valine

peptide.
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TN6 Peptide (RLLRLLLRLLR)

The TNG6 peptide structure was first placed in the water phase on the membrane

as shown in Figure 69, in 4 pieces, with a distance of approximately 10 A to the

membrane and to each other.

b)

Figure 69. Positioning of the TN6 peptide on the bacterial membrane and in water, a)

side view, b) top view. Water molecules are shown in red-white, phosphate molecules

in green balls, membrane lipids in light blue, alpha helix structure of peptides in purple

and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 100ns MD simulation was carried out. In Figure 70, this

simulation result of the TN6 peptide is visualized from the top and the side. It was

observed that TN6 molecules tended to move towards the membrane and penetrate the

membrane during this simulation period of 100ns.
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Figure 70. Molecular simulation lasting 100ns after positioning the TN6 peptide on
the bacterial membrane and in water, a) side view, b) top view. Water molecules are
shown in red-white, phosphate molecules in green balls, membrane lipids in light blue,
alpha helix structure of peptides in purple and atoms in yellow. (Since one of the
peptides goes to the other side of the membrane through the periodic boundary, 3

peptides appear in the simulation box).
The graph of the distance (Angstrom) of the TN6 peptide from the membrane

according to the time step is given in Figure 71, and the root mean square deviation

graph is given in Figure 72.
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Figure 71. Graph of TN6 peptide's distance from the membrane (Angstrom) versus

time step.
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Figure 72. Graph of root mean square deviation of TN6 peptide with respect to time
step.

The ratios of the interaction period of the phosphate ends of the bacterial
membrane with each amino acid of the TN6 peptide (L-form) chosen as an example to
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examine in which amino acids the peptide interaction with the membrane is higher is

shown in Table 8.

Table 8. Comparison of the interaction period between the amino acid portions of the

TNG6 peptide and the phosphate ends of the bacterial membrane.

First contact area with

Percentage of contact

Total time frame in

Amino acid the membrane time versus total time  contact (5000 frame(s)
analyzed analyzed)
ARG Phosphate ends 91.5% 4574 frame(s)
LEU Phosphate ends 91.8 % 4590 frame(s)
LEU Phosphate ends 92.2 % 4611 frame(s)
ARG Phosphate ends 95.5 % 4775 frame(s)
LEU Phosphate ends 93.8 % 4692 frame(s)
LEU Phosphate ends 92.0 % 4598 frame(s)
LEU Phosphate ends 94.4 % 4721 frame(s)
ARG Phosphate ends 95.9 % 4797 frame(s)
LEU Phosphate ends 92.8 % 4640 frame(s)
LEU Phosphate ends 86.8 % 4342 frame(s)
ARG Phosphate ends 96.4 % 4821 frame(s)

D-TN6 Peptide D(RLLRLLLRLLR)

The D-TNG6 peptide structure was placed in the water phase on the membrane as

shown in Figure 73, in 4 pieces, with a distance of approximately 10 A to the

membrane and to each other.
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Figure 73. Positioning of the D-TN6 peptide on the bacterial membrane and in water,

a) side view, b) top view. Water molecules are shown in red-white, phosphate

molecules in green balls, membrane lipids in light blue, alpha helix structure of

peptides in purple and atoms in yellow.

After the simulation system shown in the figure above was prepared, it was used

as the initial input and a 100ns MD simulation was carried out. In Figure 74, the side

section of this simulation result of the D-TNG6 peptide is visualized. It was observed

that D-TN6 molecules tended to move towards the membrane and penetrate the

membrane during this simulation period of 100ns.
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Figure 74. Representation the result of molecular simulation lasting 100 ns after the

@ ® ¢
O Oocc

D-TNG6 peptide is positioned on the bacterial membrane and in water, a) side view, b)
water molecules and lipid ends are closed for better observation of penetration into the
membrane. Water molecules are shown in red-white, phosphate molecules in green
balls, membrane lipids in light blue, alpha helix structure of peptides in purple and
atoms in yellow. (As one of the peptides crosses the periodic boundary, it is placed

below in the simulation box).
The graph of D-TN6 peptide's distance to the membrane (Angstrom) in 100 ns

simulation according to time step is given in Figure 75, and the root mean square

deviation graph is given in Figure 76.
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Figure 75. Graph of D-TNG6 peptide distance from membrane (Angstrom) versus time

step.
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Figure 76. Time step-dependent root mean square deviation plot of D-TNG6 peptide.

It is supported by laboratory results that the D form of TN6 peptide is more

resistant to proteases. For this reason, the simulation time of the D form was extended
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up to 300 ns, and its mechanism of action on bacteria was examined in more detail as

seen in Figure 77.
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Figure 77. Representation the result of molecular simulation lasting 300 ns after the

D-TNG6 peptide is positioned on the bacterial membrane and in water, a) side view, b)

water molecules and lipid ends are closed for better observation of penetration into the

membrane. Water molecules are shown in red-white, phosphate molecules in green

balls, membrane lipids in light blue, alpha helix structure of peptides in purple and

atoms in yellow. (As one of the peptides goes outside the periodic boundary

conditions, it is located below in the simulation box).

The graph of distance (Angstrom) of the D-TN6 to the membrane in a 300 ns

extended simulation of the D-TN6 peptide is given in Figure 78, and the root mean

square deviation graph is given in Figure 79.
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Figure 78. Graph of D-TNG6 peptide distance from membrane (Angstrom) versus time
step (300 ns total).
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Figure 79. Graph of root mean square deviation of D-TN6 peptide based on time step
(300ns total).

In order to compare the D-TNG6 peptide with the L form, and to examine which
amino acids have more membrane-peptide interaction, the comparison of the
interaction period of time of each amino acid of the selected D-TN6 peptide with the

phosphate ends of the bacterial membrane as percentage is shown in Table 9.
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Table 9. Comparison of the interaction period of time between the amino acid portions

of the D-TNG6 peptide and the phosphate ends of the bacterial membrane.

First contact area with

Percentage of contact

Total time frame in

Amino acid the membrane time versus total time contact (5000 frame(s)
analyzed analyzed)
DAR Phosphate ends 98.3 % 4915 frame(s)
DLE Phosphate ends 98.5% 4925 frame(s)
DLE Phosphate ends 99.1% 4957 frame(s)
DAR Phosphate ends 99.8 % 4992 frame(s)
DLE Phosphate ends 99.4 % 4971 frame(s)
DLE Phosphate ends 98.2 % 4909 frame(s)
DLE Phosphate ends 99.4 % 4972 frame(s)
DAR Phosphate ends 99.7 % 4983 frame(s)
DLE Phosphate ends 99.4 % 4968 frame(s)
DLE Phosphate ends 99.3 % 4965 frame(s)
DAR Phosphate ends 99.9 % 4994 frame(s)
Section 2:

After positioning the designed sample polymer molecule (DABCO-based double

cationic charged polymer) on the bacterial membrane in water, a molecular dynamicss

simulation lasting 150 ns was created.
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Figure 80. Positioning of the DABCO-polymer molecule on the bacterial membrane
and in water. Water molecules are shown in red-white, phosphate molecules in green
balls, membrane lipids in blue, polymer CPK notation and purple color. a) A cross-
sectional view of the membrane and polymer was taken. b) In order to better see the
positioning of the polymers on the membrane, the water molecules and lipid ends are
eliminated, and the simulation box is shown more closely. ¢) In order to better see the
positioning of the 4 polymers with each other, the membrane and the polymer were

viewed from above.
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Figure 81. The result of the molecular simulation, which was carried out after the
DABCO-polymer molecule was positioned in the bacterial membrane and water and
lasted for 150ns. a) Water molecules are shown as red-white, phosphate molecules as
green spheres, membrane lipids in blue, polymer VDW surface representation. b) In
order to better see the interaction between the polymer and the membrane, the lipid
ends, and water molecules are eliminated, and the polymer is shown with the CPK

notation.

When the simulations were examined, it was observed that the polymer oriented
towards the membrane and interacted with the membrane in the simulation.
Meanwhile, it is visualized that the polymer forms a stable conformation, as can be
seen from the graph demonstrated in Figure 82, that the root mean square deviation

graph of the polymer molecules also converges depending on the time step.
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Figure 82. Root mean square deviation (RMSD) plot of the DABCO-polymer
molecule with respect to time step.

The graph of the distance (A) of the polymer to the membrane in the simulation
according to the time step is given in Figure 83. When the graph is examined, it is seen
that the polymer molecule, which was first located at an average distance of 17 A from
the center of gravity, converges to the membrane with back-and-forth movements, and
the distance between polymer and the membrane becomes 0 in the 6000th step, each
of which is 2 fs, that is, in approximately 12 ns. When the simulation was examined,
it was observed that the phenyl group penetrated the membrane after adhering to the

membrane.
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Figure 83. Graph of the DABCO-polymer molecule distance from the membrane

(Angstrom) versus time step.

Section 3:

D-TN6 (RLLRLLLRLLR) peptide was first placed in 4 pieces in the water phase
on the membrane, with a distance of approximately 10 A to the membrane and to each

other, and then the 300ns MD simulation was modeled for a total of 600ns by

extending +300ns as visualized in Figure 84.

143



Figure 84. Positioning the D-TNG6 peptide on the bacterial membrane and in water, a)
Water molecules are red-white dots, phosphate molecules are yellow VDW,
membrane lipids are light blue as Bond, peptides are blue, orange, and purple with the
QuickSurf surface method, b) Water molecules red-white, phosphate molecules are
yellow VDW, membrane lipids are not shown, peptides are visualized in blue, orange,
and purple by the QuickSurf surface method.
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After obtaining the simulation system shown in the figure above, these simulation
results at 300 ns were used as the initial input and a total of 600ns MD simulation was
carried out. As visualized in Figure 84, it was observed that during this simulation
period of 600ns, D-TN6 molecules penetrated into the membrane, and two of them
moved together as embedded in the membrane, while the other two remained

embedded in the membrane individually.

In Figure 85, an example of some structures formed by water molecules during
this simulation of the D-TNG6 peptide and the transition of water from the lipid layer to

the other water layer are visualized.

Figure 85. During the molecular simulation carried out after the D-TN6 molecule is
positioned on the bacterial membrane and in water, which lasts for 600 ns in total, a)
some water molecules bind to each other and form structures that extend to the lipid
layer, b) TIP38928:H2 water hydrogen atom at ~396ns, c) TIP32615 A cross-section
of the :H2 water hydrogen atom at ~439ns, d)TIP3220:0H2 water oxygen atom from
the lipid membrane layer to the other water layer at ~471ns. For better visualization of
the membrane interior, the lipid ends were visualized by capping them. Water
molecules are red-white, membrane phosphate atoms are yellow VDW, peptides are
shown in blue, orange, and purple with QuickSurf surface representation. (Since one
of the peptides crosses the periodic boundary, it is located in the water layer under the

lipids in the simulation box and is not visible in the image).
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Figure 85. During the molecular simulation carried out after the D-TN6 molecule is
positioned on the bacterial membrane and in water, which lasts for 600 ns in total, a)
some water molecules bind to each other and form structures that extend to the lipid
layer, b) TIP38928:H2 water hydrogen atom at ~396ns, c¢) TIP32615 A cross-section
of the :H2 water hydrogen atom at ~439ns, d)TIP3220:0H2 water oxygen atom from
the lipid membrane layer to the other water layer at ~471ns. For better visualization of
the membrane interior, the lipid ends were visualized by capping them. Water
molecules are red-white, membrane phosphate atoms are yellow VDW, peptides are
shown in blue, orange, and purple with QuickSurf surface representation. (Since one
of the peptides crosses the periodic boundary, it is located in the water layer under the

lipids in the simulation box and is not visible in the image) (continued).
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5 DISCUSSION

5.1 First Study

First study of this thesis comprises of three parts. In this study set, experiments
conducted to investigate how catelicidin-like antimicrobial peptides interact with
bacterial-similar membrane and with itself by using molecular modelling and
computational methods. The analysis of the results was carried out simultaneously
with the experimental studies and their compatibility with the experimental results was

considered.

In the first section of the study, short (2 ns) simulations were run for Model1,
Model2, Model3, Model4 separately. Long (~50 ns) simulations were run for Model4
P2 in L-form peptides and Model4 P4 in D-form peptides. The reason why P2 and P4
peptides selected for this section is to compare D-form and L-form containing
peptides. By making short simulations (2 ns) of the designed 4 peptide models, their
tendency towards the membrane from the water-phase was investigated so that it is

determined that which model is worth to use for following experiments.

Since D-form peptides are identical to L-forms in all respects except for their
chirality, the parameters of D-amino acids are nearly the same as their L-structured
counterparts. For this reason, molecular dynamicss models were performed based on
CHARMMZ2T force field parameters, as in other peptides. The only difference between
the two molecules is the reverse chirality of the methyl side chain and the HA atom at
the CA or alpha-carbon atom. For this reason, a new topology file was prepared for
the D-form by changing the L-chiral center in the CA atom in the existing topology

file for the L-form of the amino acids.
Screenshots introcudes below are the topology file containing atomic informations

of amino acids demonstrates bonding between atoms of Alanine L-form (on the left)

and D-form (on wright).
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RESI ALA 0.00 RESI DAL 0.00
GROUP GROUP
ATOMN  NHL  -0.47 ! | ATOM N NHL  -0.47 ! |
ATOM HN  H 0.31 ! HN-N ATOM HN  H 0.31 ! HN-N
ATOM CA (T2 0.07 ! | HB1 ATOM CA CT1 .07 ! | HB1
ATOM HA  HB 0.09 ! [ ATOM HA  HB 0.09 ! [
GROUP ! HA-CA—-CB-HB2 GROUP ! HA-CA--CB-HB2
ATOM B CT3  -0.27 ! I\ ATOM CB (T3 -0.27 ! \
ATOM HB1 HA 0.09 ! | HB3 ATOM HB1 HA 0.09 ! | HB3
ATOM HB2 HA 0.09 ! 0=C ATOM HB2 HA 0.09 ! 0=C
ATOM HB3 HA 0.09 ! | ggnpnaa HA 0.09 ! |
GROUP ! !
ATOM C  C 0.51 ATOM C C 0.51
4 ATOMO 0 -0.51
ATOM O 0 9.51
BOND CB CA N HN N CA BOND CB CA N HN N CA
BOND C CA C +N CAHA CB HB1 CB HB2 CB HB3 BOND C CA C +N CAHA CBHB1 (B HB2 (B HB3
DOUBLE 0 C

DOUBLE 0 C

- IMPRN -C CAHN C CA +N O
IMPRN -C CAHN C CA +N O s e B
MAP-C N CA C N CA C +N o M
DONOR HN N

ACCEPTOR 0 C ?ECEPTUR 0C

C CA N HN  1.3551 126.4900 180.0000 115.4200 0.999
H:cec Ch: M NG L.35517126,4500, 109.0900.115:4200 10:9905 IC-C N (A C  1.3551 126.4900 180.0000 113.4460 1.5390

ICN [ L 1.4592 114.4400 180.0000 116.8400 1.3558
ICAN A *€ 0 1.3558 116.8400 180.0000 122.5200 1.2297
ICCA C N +CA  1.5390 116.8400 180.0000 126.7700 1.4613

IC-C N A c 1.3551 126.4900 180.0000 114.4400 1.5390
ICN CA C N 1.4592 114.4400 180.0000 116.8400 1.3558
ICN CA € 0 1.3558 116.8400 180.0000 122.5200 1.2297

ICCA C N +CA 1.5390 116.8400 180.0000 126.7700 1.4613 -

ICN € 4Ch (B L4592 114.4400 123.2300 111.0900 1.5461 ICN  C A HA 14597 1144400 170,450 16,3000 1.0840
ICN € #A HA  1.4502 114.4400 -120.4500 106.3900 1.0840 ICC CA (B HBL 1.5390 111.0900 177.2509 109.6000 1.1109
IcC CA (B HBL 1.5390 111.0900 177.2500 109.6000 1.1109 ICHBL CA (B HB2 1.1109 109.6000 119.1300 111.0560 1.1119
1C HB1. (CA: - #CB (M2, 1:1109.109:0800. 119-1360 1116300 ;1-1119 ICHBL CA (B HB3 1.1109 109.6000 -119.5800 111.6100 1.1114

IC HB1 CA (B HB3 1.1109 109.6000 -119.5800 111.6100 1.1114

Figure 86. Topology file “top_all27 prot lipid d .inp”downloaded from CHARMM-
GUI web page (103).

The reason why 4 identical peptides were located in rectangular form and the
distances of the peptides to each other and to the membrane is 10 A, is to determine
whether the peptides interact with each other and with the membrane without leaving
the periodic boundary conditions in MD.

Since it is unable to generate 3D structures of D-form peptides via protein
prediction tools such as PEP-FOLD3 at that time, a script specific to the purpose of
converting L-form amino acids to D-form amino acids was developed. In this sense, a
new method that can contribute to similar studies has been introduced during this
study.

It has been observed that the antimicrobial properties (MIC values) of the peptides
that interact with each other in the water phase and do not migrate to the membrane
are not convenient, and based on this, an evaluation has been made to determine
whether a eliminating can be made between the 4 peptide models. Since it was seen in
the molecular dynamicss models that all of them were directed towards the membrane,

it was understood that no elimination could be made depending on this criterion.
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As a result of the molecular modelling studies for the first section of the first set
of three studies, the interaction of the molecules with the antimicrobial effect
mechanism with the membrane was examined, and it was ensured that the newly

designed molecules were based on rational rather than random basis.

Some important considerations have been taken into account when designing
antimicrobial peptides; Priority was given to the peptides being hydrophobic to
approach the membrane and positively charged for better interaction with the
negatively charged cell membrane. One of the important points to be considered in
peptide design is the termination of the peptide with an amide group. It has been
determined that the amide group peptide at the C-terminal end causes the peptide to
approach the membrane more perpendicularly and to be taken into the cell faster, and
it has an effect on increasing the membrane permeability. In addition, it also shows
activity in the resistance of the peptide to proteases (117). Furthermore, amino acid
sequences in the D-form affect peptide activity by making them more stable as well as
more resistant to protease. That’s why, both L-form and D-form amino acids were used
in amino acid sequences for peptides' resistance to proteases, lower toxicity, and better

antimicrobial activity.

In the second section, C-P1 and P1-C peptides were designed by adding cysteine
amino acids separately to the amide and carboxyl ends of the Model 4-P1 peptide,
since it has showed the best MIC results compared to the other peptides terminated
with arginine amino acids. The addition of the amino acid cysteine to the peptides is
required for the surface coating investigation in the experimental studies. The modified
antibacterial peptides will bind to the UV/Ozone activated catheter surface using the

Thiol-in reaction.

For this section, only the Model4 P1 peptide were simulated in peptide-
membrane-water system in order to test the behavior of the P1 peptides generated in
mixes form (D-form and L-form) by using developed new method whether the P1
peptide maintain its form in water-phase and when contacting membrane or one

another. As it was in the first section, 4 identical peptides located above the POPE
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membrane. Unlike previous peptide simulations, the P1 peptide is positioned at a
distance of more than 10 A from the membrane and each other, as it focuses on
eliminating the problem in its parameterization. Simulation run was arranged to take
~50 ns.

After the simulation runs, it was not observed any deformation or detachment of
the molecules belonging to formation of P1 peptide. Therefore, it is decided that P1

peptide can be added cystine for next simulation experimentation.

In the last section of the first study, C-P1 peptide which was observed to have
good antimicrobial properties as a result of experimental studies, was modeled in a
double-layered lipid membrane (POPE) system in water as in previous sections, and
its mechanism of action on the membranes of microorganisms was investigated. It is
aimed to compare the experimental inferences made with the C-P1 peptide with the
results of MD modelling. To be more precise with the results, simulation run for C-P1

peptide were set for 100 ns.

Furthermore, addition to previously developed method for converting L-form
amino acids to D-form amino acids in a peptide, a new software tool was tried to
generate 3D structure of P1 peptide in mixed configuration containing both L-form
and D-form. Since mixed formed peptides are more difficult to generate
computationally, a practical tool to form 3D structure of a molecule makes it easier
this process compared to the writing a coding script manually. Also, it can lower the
possibility of making error since writing script is a detailed and challenging way to
proceed. New software that we used is the Discovery Studio 2021 Software having a

tool for converting L-form amino acids to D-forms.

The fact that the C-P1 peptide contains L- and D-form amino acids causes the
main difficulty in creating 3D structure files of C-P1 which is named with the
extension of “pdb”. PDB file format is a text-based file used to store descriptions of

the 3D structures of molecules found in a data base named The Protein Data Bank. In
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PDB files, amino acids’ three letter abbreviations are written in fourth column

originally.

However, amino acids in the D-form are denoted as 4-letter, with the letter D
prefixed to their 3-letter notation as shown below. When a peptide contains mixed
form of amino acids, order in PDB file in which L-form amino acids denoted as 3-
letter and D-forms denoted as 4-letter, is disrupted so that dysregulation in PDB file
causes error during computational processes such as MD simulation. For this reason,

PDB file of a peptide must be carefully generated.

"X K ) DLEU.pdb
REMARK originalpe d coordinate pdb file

ATOM 1N 1 0.678 -2.128 -0.894 1.00 0.00 U N
ATOM 2 HT 1 -0.320 -2.060 -0.894 0.00 0.00 U

ATOM 3 HT 1 0.987 -2.612 -0.075 0.00 0.00 U

ATOM 4 HT 1 0.987 -2.612 -1.713 0.00 0.00 u

ATOM 5 (A 1 1.246 -0.783 -0.894 1.00 0.00 U C
ATOM 6 HA 1 0.921 -0.3060 ©0.045 1.00 0.00 U H
ATOM 7 (B 1 0.741 0.047 -2,108 1.00 0.00 u
ATOM 8 HB 1 -0.366 0.061 -2.088 1.00 0.00 U H
ATOM 9 HB 1 0.995 -0.496 -3.040 1.00 0.00 U H
ATOM 10 CG 1 1.243 1.510 -2.252 1.00 @.00 U C
ATOM 11 HG 1 2,332 1.482 -2.464 1.00 0.00 U H
ATOM 12 (D 1 0.549 2,192 -3.440 1.00 0.00 u
ATOM 13 HD1 1 0.721 1.643 -4,386 1.00 @.00 U H
ATOM 14 HD1 1 -0.546 2.266 -3.300 1.00 @.00 U H
ATOM 15 HD1 1 0.928 3.218 -3.598 1.00 0.00 U H
ATOM 16 (D 1 1,022 2.342 -0.977 1.00 0.00 u
ATOM 17 HD2 1 -0.036 2.350 -0.660 1.00 0.00 U H
ATOM 18 HD2 1 1.616 1.945 -0.132 1.00 0.00 U H
ATOM 19 HD2 1 1.342 3.392 -1.108 1.00 0.00 U H
ATOM 20 C 1 2,785 -0.861 -0.894 1.00 0.00 u c
ATOM 21 0T 1 3.062 -1.822 -0.894 0.00 0.00 u

ATOM 22 (0T 1 3.158 0.067 -0.894 0.00 0.00 U

END

Figure 87. PDB file formats of C-P1 peptide in both L-form and D-form and of DLEU

amino acid. Demonstration of the difference between D- and L-form in PDB file.
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O o cpl.pdb
CRYST1 68.149 68.149 68.149 0O0.90 90.00 90.00 P 1 1
ATOM 1 N CYS X 1 36.91@ 32.040 46.750 1.00 0.00 N
ATOM 2 CA C¥Ys X 1 36.71@ 32.890 45.550 1.00 0.00 C
ATOM 3 CB C¥Ys X 1 38.10©@ 33.080 44.920 1.00 ©.00 C
| ATOM 4 SG CYS X 1 38.8506 31.450 44.580 1.00 0.00 S
ATOM 5 C CYS X 1 35.738 32.410 44.449@ 1.00 0.0 C
[ ATOM 6 0 CYS X 1 35.840 32.930 43.320 1.00 0.00 0
ATOM 7 N ARG X 2 34.660 31.670 44.730 1.0 0.00 N
IATGM 8 CA ARG X 2 33.77@ 31.070 43.690 1.00 0.00 C
ATOM 9 CB ARG X 2 32.650 30.250 44.350 1.00 0.00 C
ATOM 1@ CG ARG X 2 31.850 29.3990 43.360 1.00 0.00 C
| ATOM 11 CD ARG X 2 30.800 28.490 44.030 1.00 0.00 C
ATOM 12 NE ARG X 2 29.650 29.260 44.560 1.00 ©.00 N
ATOM 13 CZ2 ARG X 2 28.6106 28.760 45.260 1.00 ©0.00 C
ATOM 14 NH1 ARG X 2 28.5380 27.450 45.560 1.00 0.00 N
ATOM 15 NH2 ARG X 2 27.620 29.570 45.650 1.00 0.00 N
ATOM 16 C ARG X 2 33.180 32.050 42.650 1.00 0.00 C
| ATOM 17 0O ARG X 2 33.290 31.800 41.45@ 1.00 0.00 o]
| ATOM 18 N LEU X 3 32.580 33.140 43.120 1.00 0.00 N
ATOM 19 CA LEU X 3 32.9000 34.180 42.240 1.00 0.00 C
ATOM 20 CB LEU X 3 31.180 35.190 43.060 1.00 0.00 C
ATOM 21 CG LEU X 3 29.960 34.570 43.640 1.00 0.00 C
ATOM 22 CD1 LEU X 3 29.2380 35.560 44.59@0 1.00 0.0 C
ATOM 23 CD2 LEU X __3 28.930 34.160 42.530 1.00 0.00 C
ATOM 24 C LEU X 3 33.020 34.900 41.35@ 1.00 ©.00 C
ATOM 25 0 LEU X 3 32.920 34.800 40.130 1.00 0.00 0
ATOM 26 N LEU X 4 34.10@ 35.400 41.96@0 1.00 0.00 N
ATOM 27 CA LEU X 4 35.27@ 35.980 41.260 1.00 0.00 C
ATOM 28 CB LEU X 4 36.380 36.300 42.260 1.00 0.00 C
ATOM 29 CG LEU XJ 4 36.900 37.390 43.270 1.00 0.00 C
e — — — — — 1
[ ] [ ] cpl_dform.pdb
REMARK BIOVIA PDB file
REMARK Created: 2021-06-30T15:41:83Z
| crRYsT1 68.149 68.149 68.149 90.00 90.00 90.00 P1
ATOM 1 N CYS X 1 36.910 32.040 46.7560 1.00 0.00
N1+
ATOM 2 CA CYs X 1 36.71@ 32.890 45.55@ 1.00 0.00 C
ATOM 3 CB C¥Ys X 1 38.100 33.080 44.920 1.00 0.0 (o
ATOM 4 SG CYs X 1 38.850 31.450 44.580 1.00 0.0 S
ATOM 5 C CYS X 1 35.730 32.410 44.446 1.00 0.00 C
ATOM 6 0 CYSs X 1 35.840 32.930 43.320 1.00 ©.00 0
ATOM 7 N ARG X 2 34.660 31.670 44.730 1.00 0.00 N
ATOM 8 CA ARG X 2 33.776 31.070 43.6906 1.00 0.00 C
ATOM 9 CB ARG X 2 32.650 30.250 44.350 1.0@ 0.00 C
ATOM 1@ CG ARG X 2 31.850 29.390 43.360 1.00 0.00 C
ATOM 11 CD ARG X 2 30.800 28.490 44.030 1.00 0.00 C
ATOM 12 NE ARG X 2 29.650 29.260 44.560 1.00 ©.00 N
ATOM 13 CZ ARG X 2 28.61@ 28.7680 45.26@ 1.00 0.00 C
ATOM 14 NH1 ARG X 2 28.530 27.450 45.560 1.00 0.00 N
ATOM 15 NH2 ARG X 2 27.620 29.570 45.65@ 1.00 0.00 N
ATOM 16 C ARG X 2 33.180 32.850 42.650 1.00 0©.00 C
ATOM 17 0 ARG X 2 33.2990 31.800 41.450 1.0@ 0.00 0
1HETATM 18 N DLE X 3 32.580 33.140 43.12¢ 1.00 0.00 N
HETATM 19 CA DLE 3 32.000 34.180 42.240 1.0@ 0.00 C
. HETATM 20 CB DLE X 3 30.852 33.603 41.394 1.00 0.00 C
HETATM 21 CG DLE X 3 29.966 34.700 40.786 1.00 0.00 C
HETATM 22 (CD1 DLE X 3 28.966 34.878 39.814 1.00 0.00 C
HETATM 23 (CD2 DLE X 29.231 35.486 41.873 1.00 0.00 C
HETATM 24 C DLE X 3 33.020 34.900 41.350 1.00 0.00 C
HETATM 25 0 DLE X 3 32.920 34.800 40.130 1.00 0.00 ]
HETATM 26 N DLE X 4 34.100 35.400 41.960 1.00 0.00 N

Figure 87. PDB file formats of C-P1 peptide in both L-form and D-form and of DLEU
amino acid. Demonstration of the difference between D- and L-form in PDB file

(continued).

In the 100 ns simulation (see in Figure 29), the peptides started attaching to the
membrane beginning from about 15 ns. It was observed that they move in a membrane-

bound manner throughout the simulation. The peptides, which were first bound
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vertically to the membrane from the cystine end, then moved to the horizontal position
and remained attached to the membrane, remaining somewhat embedded on the

membrane surface with both the cystine end and leucine amino acids.

This is an expected result, since the functional group at the cystine amino acid end
of the C-P1 molecule is very active. Although the orientation of the C-P1 peptide to
the membrane can be seen by performing the molecular dynamics simulation of the C-
P1 peptide on the membrane, it would be more appropriate to simulate a C-P1 peptide-
like structure on the membrane, which is attached to the catheter (polymer) surface

from the cystine ends, in future studies.

The reason for choosing the POPE membrane in MD simulations is that PE
(Phosphatidylethanolamine) lipids are generally more abundant on the cytoplasmic
side of the bacterial membrane and PE lipids are frequently used to mimic the bacterial

membrane in previous studies (118).

5.2 Second Study

Second study of this thesis consists of four sections. In order to examine the
interactions of synthetically designed polymers (Triphenylphosphonium:mannose 5:2)
with microorganism-specific antimicrobial peptides designed earlier (99) and a
reference peptide (magainin) found in nature, it is intended in this study to develop

model membrane structures belonging to specific species.

To this purpose, in the first section, Top6 model membrane involving the 6 main
lipid species most abundant in E. coli (102) were designed. For a more thorough
investigation of the membrane-polymer activation by MD simulation processes,
parameter sets of the antimicrobial similar polymers were generated. Additionally, a
simulation box was created using model membrane and water (in Figure 30).
Antimicrobial peptides, the source of the polymer in this study (99), and magainin
protein, a reference peptide found in nature, were 3D modeled and compared to

provide a better insight.
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Second section of the study were conducted with
Triphenylphosphonium:mannose 5:2 polymer — POPE membrane system with
different simulation time and different P atom charges. 3D structure of the polymer
used in these experiments were obtained by different research laboratory since it was
required to perform quantum simulations and our computational power was not

qualified for these kinds of procedures.

In order to examine the interactions of the mannose part of the designed
Triphenylphosphonium:Mannose 5:2 polymer molecule with the lectin protein, which
is thought to have metabolic importance for the cell, the binding energies and binding
positions of the molecules were calculated and examined using the method called
molecular docking. Binding score was found as -1,14 which falls in the range

considered as showing good binding affinity.

In the first simulation, the electronic charge on the P atom is set to -0.15095, and
simulation was set for 100 ns (Figure 32). Then, a second simulation was made by
changing the simulation duration to 60 ns and the charge on the P atom to +1 within
these parameter sets, considering that it would be more compatible with the Br- anion
(Figure 33). Thus, it was also investigated whether the electronic charge on the P atom

affects the interaction of the polymer with the membrane.

Although it has been emphasized in the literature that production simulations with
a duration of at least 100-200 ns should be observed in order to observe the interaction
properties of membrane and antimicrobial  polymers  (119), the
Triphenylphosphonium: Mannose 5:2 polymer designed as a result of the simulations
we have done in this project can also be used with two different P electronic load
parameters. It is seen that it starts to penetrate the membrane in less than 100 ns.
Natural peptides with similar antimicrobial properties were studied in the models in
the previous preliminary study (101), and it was predicted that in the case where it is
assumed to enter the membrane, it causes the membrane to break down due to the
passage of water molecules or a few of the peptides combine to lose their antimicrobial

effect.

154



In this study, synthetically designed polymers are polymers inspired by these
natural peptides. Thus, the existing simulations reported in Section 2 were extended to
200 ns in the Section 3 to observe whether the polymer has fully penetrated the
membrane and generates an environment that is favorable to water passage, and to
observe a similar antimicrobial effect and/or which functional groups play an active

role in this effect.

In the simulations carried out in the second section of the study, when the distance
(A) of the Triphenylphosphonium:Mannose 5:2 polymer to the membrane is analyzed
according to the time step graph, it is seen that the polymer molecule deployed at a
distance of 12.5 Angstrom first converges to the membrane with back-and-forth
movements, and it is seen that the distance between the membrane and the membrane
is 0 in the 16000th step (each step is 2 fs), that is approximately 32 ns. When the part
of the simulation up to 100 ns is examined, it has been observed that the
Triphenylphosphonium group first enters the membrane after adhering to the
membrane, but then comes out, while the mannose group remains there during the
simulation period after it enters the membrane. In the simulation range of 100-200 ns,
it was observed that both polymers remained in the same plane with the P atoms on
the surface but did not achieve the expected vertical deployment between membrane

lipids.

Although it has been emphasized in the literature that production simulations with
a duration of at least 100-200 ns should be observed in order to observe the interaction
properties of membrane and antimicrobial polymers (120), as a result of the
simulations we have done in this project, the Triphenylphosphonium:Mannose 5:2
polymer designed with two different P electronic charges starts to enter the membrane
in less than 100 ns, and remains in the membrane by maintaining its horizontal
orientation with the membrane in the range of 100-200 ns. However, vertical (and
parallel to lipids) deployment of the polymer in the membrane in the range of 100-200

ns has not yet been observed.
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Natural peptides with similar antimicrobial properties were studied in the models
in a preliminary study (101), and it was predicted that in the case where it is assumed
to enter the membrane, it causes the membrane to break down due to the passage of
water molecules or a few of the peptides combine to lose their antimicrobial effect. On
the other hand, in this project, synthetically designed polymers are polymers inspired
by these natural peptides. Therefore, to observe whether the polymer fully penetrates
into the membrane and to observe a similar antimicrobial effect and/or which
functional groups play an active role in this effect, the available simulations reported
here may require to be interpreted, compared with the experimental results, and further

extended and analyzed if necessary.

For the last section of the second study, Triphenylphosphonium:Mannose 5:2
polymer and 3D-formed red blood cell membrane were modeled by MD simulation
with 100 ns simulation duration with 50,000,000 timesteps and 50,000 frames. P
charge parameter was set as +1 (Figure 38 & 39). In the simulation created, the
electronic charge on the P atom was set as +1 considering its compatibility with the
Br-anion. The reason for this is to observe the system for a longer period of time and
to evaluate more accurately whether the polymer reaches equilibrium, at which step it
has reached equilibrium, and its interaction with the membrane. Besides, the mannose-

lectin and galactose-lectin interactions were examined by docking.

According to result of the simulations and to distance and RMSD graph, polymer
on the red blood cell membrane reached to the point where they showed a stable
conformation. Furthermore, It is observed that the polymer molecule, which was
initially placed at a distance of around 15, moves back and forth toward the membrane.
After 30000 steps, the distance between the polymer and the membrane is reduced to
zero in 2 fs steps, or in roughly 60 ns. The triphenylphosphonium group first entered
the membrane after adhering to the membrane, but then came out. In contrast, the
mannose group entered the membrane and stayed there throughout the simulation

period.
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Docking results shows that the binding score (affinity) of Lectin and Mannose was
-6.4. Lectin-galactose docking interaction score was -6.5 It is intended to compare how
mannose and galactose interact through this process. showed that mannose and
galactose showed a negligible difference when interacting with the lectin protein.
Therefore, it can be said that the galactose group can be another alternative for

designing antimicrobial peptide inspired polymers.

53 Third Study

Last study of the thesis consists of three sections. In the first sections previously
designed AMPS in different but related project (101). Most active peptides, TN1 and
TN3, were investigated to understand whether they have antimicrobial property by
locating them on doble-layered POPE membrane in water with different placements

and different amounts. TN6 and D-TN6 peptides were also simulated.

TN3 peptide was placed on the membrane first as 12 identical peptides in
rectangular and circular form. After that they were placed as 4 identical peptides on
the membrane. The reason for high number of peptides; It has been shown in the
literature that ideal pore-forming peptides in the bacterial membrane can permeate the
lipid vesicle with at least 10 peptides bound per vesicle or 1 peptide per 10,000 lipids
(121). For this reason, since using 4 peptides may not be enough to observe the
mechanism of action, it was decided to observe at least 12 peptides on the membrane
and in the water in a sample study. Furthermore, the reason for the difference in
positioning is to examine the effect of the initial position of the peptides on the
approach to the membrane. The reason why we chose 10 A as the distance is to
determine whether the peptides interact with each other and with the membrane

without going out of the periodic boundary conditions in MD simulation.

Since it is observed that 12-pack of TN3 in both rectangular shape and circular
shape, peptides were grouped together as they form a 4-pack of peptides which can be
seen in Figure 46 and Figure 48. That’s why peptide number was reduced to 4 peptides

to save time and to make it more manageable for computer power.
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Simulations were continued with 4-pack of peptides. TN3-isoleucine, TN3-valine,
TN1-isoleucine and TN1-valine were simulated for 10 ns to observe if the different
amino acids affect the antimicrobial effect of the peptides on bacterial membrane. All
peptides above demonstrated similar behavior where they towered to the membrane.
It has been observed that TN1 and TN3 molecules attract the negatively charged
phosphate groups of the lipids in the membrane with the positively charged amino
acids on them and integrate them into the membrane. This interaction of opposite
charges on the membrane and the peptide causes the membrane to shrink and decrease
in thickness. In this way, it is thought that it creates a hydrophilic channel that allows

water to pass between the charged groups.

Besides, randomly selected peptide, TN6 (L-form) and its D-form, D-TN6 were
simulated separately for 100 ns. D-TN6 simulation duration was then extended to 300
ns. It is supported by laboratory results that the D form of TN6 peptide is more resistant
to proteases. For this reason, the simulation time of the D form was extended, and its

mechanism of action on bacteria was examined in more detail (in Figure 77).

Interaction time of amino acids belonging to each peptide with phosphate ends of
the membrane were investigated during the performed simulations to obtain a more
accurate information active site of the peptides (seen in Table 8 & 9). According to
contact time percentages of each both TN6 and D-TN6, amino acids of D-form amino
acids contact time percentages were detected to be higher that L-form amino acids. In
accordance with these results, it can be said that the D-form peptides more active

compared to L-form peptides.

In the second part, DABCO-based (double cationic charged) polymer locating
above double-layered POPE membrane structure was simulated to last 150 ns.
DABCO (triethylenediamine/TEDA) is an amine base which is a strongly nucleophilic
organic compound. As it can be seen in Table 7, DABCO-based polymer was designed
highly similar to the antimicrobial peptide TN1 which was designed to be similar to

the naturally found antimicrobial peptide “magainin”.
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When the simulation was examined, it was observed that the phenyl group
penetrated the membrane after adhering to the membrane. Although it has been
emphasized in the literature that production simulations with a duration of at least 100-
200 ns should be observed to observe the interaction properties of membrane and
antimicrobial polymers (120), it is seen that the designed polymer starts to penetrate
the membrane in less than 100 ns as a result of the simulations that have done in this
project. However, a complete penetration into the membrane was not observed during

this simulation process.

Natural peptides with similar antimicrobial properties were studied in the models
in the preliminary study, and it was predicted that in the case where it is assumed to
enter the membrane, it causes the membrane to break down due to the passage of water
molecules or a few of the peptides combine to lose their antimicrobial effect (101).
Having said that, in the context of this study, synthetically designed polymers using
here were specifically designed inspired by peptides mentioned in the preliminary
study. 3D structural and property comparison of polymers with antimicrobial peptides
were demonstrated in Table 7. Therefore, the existing simulations reported here may
require increasing in simulation duration to observe whether the polymer has fully
penetrated into the membrane and to observe a similar antimicrobial effect and/or

which functional groups play an active role in this effect.

Last section experiment was conducted according to result of the simulations held
in first section. Since the D-TNG6 was found to be promising AMP as it is known that
D-TNG6 is more resistant to proteases, simulation of D-TN6 was extended to 600 ns
from 300 ns.

When the previous molecular modelling results were examined, it was observed
that both L and D forms of the TN6 peptide penetrated into the membrane during the
simulation period. However, since the D form is known to be resistant to proteases,

the simulation time was extended to a total of 600ns.
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According to simulation results represented in Figure 85, two of the four peptides
moved together and other two moved individually while all four were embedded in the
membrane. Although the placement of peptide structures in the membrane layer and
the transitions of water molecules were observed as a result of this long simulation
presented in this study, comparisons can be made by creating and running similar
simulation systems with different membrane structures in other studies. Aside from
that, since merging of peptides can cause AMPs to lose their antimicrobial effects, D-
TN6 peptides’ antimicrobial effect might require further investigation whether their
activity would get affected when they merged or whether they would remain merged

if they are observed in simulation system having membrane of different organism.
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6 CONCLUSION

Taken together all molecular modelling studies carried out in parallel and
iteratively with the experimental studies within the scope of the thesis, it was ensured
that the newly designed molecules, peptides and polymers which were expected to
show antimicrobial effect, were based on rational rather than random basis by
determining the regions where the molecules interact and the mechanisms of their

antimicrobial effect.

Furthermore, 3D design of D-form amino acids is a relatively new method that
has begun to develop within the scope of computational studies. In this regard, studies
are important in terms of applying two different methods (generating a new script and
Discovery Studio Client 2021 software’ tool) that can contribute to the field of

computational biology & chemistry and to related future studies.

This comprehensive thesis study demonstrates that molecular modelling studies
offer significant advantages in biology and chemistry in terms of both time and
resources due to the quickness of the data obtained using molecular dynamics methods
and the adequate consistency with laboratory investigations. Since it is a relatively new

technology, it still has aspects that are open to development.
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