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ABSTRACT

EXPERIMENTAL INVESTIGATION OF PEPTIDE SELF-ASSEMBLY
STRUCTURES AND APPLICATIONS

The chemistry and applications of peptides are some of the major fields of biotechnology
in today’s world. This brings sufficient amount of interest to develop new bioengineering
tools. Especially, introduction of nanotechnology to our lifes allows researches to
characterise the details at ‘nano-scale’ which opens up to more questions and as a result
looking for more answers. Over the years, self-assembly developed to understand the
dynamic behavior of the molecules with intermolecular interactions. Peptides are
molecules which are small fragments of proteins that naturally exist and tend to self-

assemble to form macrostructures.

In the current study, small oligopeptide molecules are considered. Peptide sequences with
the combination of non-polar Alanine aminoacids with positively charged Lysine residues
are investigated. Thus, Ala-Ala-Ala-Ala-Ala-Ala-Lys (A6K) and Ala-Ala-Ala-Ala-Ala-
Ala-Ala-Ala-Ala-Ala-Lys (A10K) are the model peptides which were studied. A6K were
dissolved and its self-assembly behaviour was investigated in both water (H,O) and
deuterium oxide (D,0). Also the effect of altering pH to self-assembly of the A6K was
studied by addition of NaOH. Self-assembling properties of A6K in the solution form were
analysed by using imaging and scattering techniques. An extended phase diagram was
obtained for the peptide A6K to classify the formed macrostructures. Since the molecule of
the peptide is pulverized with a counter-ion, the electrostatic effect was also investigated

for different counter-ions such as tri-flouro acetate (tfa’) and chloride (CI).

For application, the model peptide A10K was chosen and the cytotoxicty of peptide were
studied. The self-assembly behaviour of A10K was previously studied. Varying cell lines
were used during the experimental studies such as fibroblast (TM3, HDF), ephitelial cells
(Vero), endothel cells (HUVEC) and keratinocytes (HaCaT). Then, in vitro scratch assay
were utilized for A10K, to explore this peptide as a potential tool for wound healing.
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OZET

KENDILIGINDEN KUMELENEN PEPTIT YAPILARININ DENEYSEL OLARAK
INCELENMESI VE UYGULAMALARI

Gilinimiiz diinyasinda peptit kimyasi ve uygulamalari, biyoteknolojinin bazi temel
alanlarindandir. Bu da, yeni biyomiihendislik araglarinin gelistirilmesinde yeterli miktarda
ilginin olugmasini saglamaktadir. Ozellikle, nanoteknolojinin hayatlarimiza girmesi,
arastirmacilara ‘nano-boyutta’ karakterizasyon kazandirmis olup, arastirilacak daha c¢ok
soru ve daha cok cevap getirmistir. Nanoteknolojinin kazandirdiklari ile, molekiillerin
molekiiller arasi etkilesimler ile dinamik davranislarini anlamak ig¢in ‘kendi kendine
kiimelesme’, arastirma alaninda bir kavram olarak gelismistir. Peptitler dogal olarak
bulunabilen ve proteinlerin kii¢lik pargalar1 olan molekiillerdir ve makroyapilar olusturmak

tizere kendi kendine kiimelesme egiliminde olabilirler.

Mevcut calismada kii¢iik oligopeptitler ele alinmistir. Apolar Alanin amino asidinin pozitif
yiiklii Lizin ile olusturdugu peptit dizileri incelenmistir. Dolayisiyla, Ala-Ala-Ala-Ala-Ala-
Ala-Lys (A6K)ve Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Ala-Lys (A10K) galisilimis olan
model peptitlerdir. A6K hem su hem de déteryumlu su igerisinde ¢oziilerek incelenmistir.
Ayrica kendi kendine kiimelesmeye pH degisiminin etkisi de NaOH eklenerek
calistimistir.  A6K’nin  soliisyon igerisinde kendi kendine kiimelesme 06zellikleri
goriintiileme ve sacgilma teknikleri kullanilarak analiz edilmistir. Olusan makroyapilar
simiflandirmak i¢in A6K peptidine genisletilmis bir faz diyagrami olusturulmustur. Peptit
molekiilii, bir iyon degistirici ile tasindigi igin, elektrostatik etkiler, tri-floro asetat ya da

kloriir gibi farkli iyon tastyicilar kullanilarak incelenmistir.

Calismada uygulama icin, model peptit olarak A10K secilmistir ve sitotoksisitesi
arastirtlmistir. A10K’nin kendi kendine kiimelesmesi daha 6nce galisilmistir. Deneysel
calisma boyunca, fibroblastlar (TM3 ve HDF), epitel hiicreleri (Vero), endotel hiicreleri
(HUVEC), ve keratinosit (HaCaT) gibi hiicre hatlariyla ¢aligilmistir. Sonrasinda, A10K

cozeltisi ile hiicre kiiltiiriinde yara iyilesmesi incelenmistir.
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1. INTRODUCTION

Life started with atomic and moleculer base interactions where every organism find their
own way in this endless evolution and adaptation. Modern science studies show us that,
every organism contains molecules where these molecules are made of nucleic acids,
amino acids, fatty acids. In order to understand the behavior of more complex structures, it
Is important to investigate the sequencing and self-assembly of smaller molecules which
lead to those complex structures. By conceiving the mechanism of self-assembly processes
in organisms, the scientists recognised that these self-assembled structures could supply
enormous opportunities for designing novel supramolecular structures in the field of
electronics, optics, biomedicine for synthetic, biological, non-biological or geochemical
systems [1,2].

Development and improvements of modern peptide chemistry lead to the possibility of
synthesizing desired peptides which assist to the systematic investigation of the
relationship between significant oligopeptide molecule and its macroscopic phases and the
structures formed in such processes [3-5]. Insights on the formation behavior of peptide
self- assembly is crucial not only procuring nanomaterials for the desired features but also
in combating Alzhemier’s and Parkinson’s neurodegenerative diseases. These fundamental
disorders are quite related with the accumulations of some short amyloid forming

oligopeptides in human brain [3].

Spontaneous association of molecules to form three-dimensional multicomponent
complexes can be termed ‘molecular self-assembly’[6]. It is one of the aspects of
fabricating new materials that contain intramolecular forces such as non-covalent
interactions of hydrogen bonding, hydrophobic, electrostatic, metal—ligand, stacking or
van der Waals interactions. These are quite dynamic and mostly fragile interactions
depending on their relatively feeble nature, changing from less than 5 kJ mol* for van der
Waals interactions to up to 120 kJ mol™* for hydrogen bonding. On the other hand, the
energies of covalent bonds can rise up to 400 kJ mol ™. Even so, certain amount of these
weak interactions or their combination can still result in stable assembling properties.

Different self-assembled supramolecular structures have been prepared so far using these



interactions in the field of modern biotechnology and plenty of new self-assembling

nanomaterials are arranged into aligned complex structures [2].

Since it is considered that the accumulation of peptides in human brain causes degenerative
diseases as a result of self-assembly of peptides, preventing peptide accumulation can be
accomplished by understanding the biochemical and biophysical nature or mechanism that
underlies it [7]. Therefore, an increasing attention has been given to the amyloid peptides
or local part of these peptides because of their relationship with neurodeganarative diseases

[6].

The formation of materials in solutions is a widespread phenomenon in synthetic,
biological and geochemical systems. In all of these environments, materials development
proceeds through dynamic processes, such as nucleation, self-assembly, crystal growth and

coarsening [8].

Here, in the current study self-assembly of peptide of A6K and A10K is investigated at
varying physicochemical environments. Taking this further, cytotoxicity studies of these
peptides were studied and wound healing assays were performed to overlook the
application field for enlarging the study in the biotechnological point of view. Combining
all the information obtained a general understanding on peptide self assembly is aimed to

be achieved.



2. THEORETICAL BACKGROUND

2.1. AMINO ACIDS

An amino acid is an organic substance, with the general formula of H,NCHRCOOH,
containing an amino group and a carboxyl functional group that binds to a saturated carbon

atom. Figure 2.1 represents the structure of an amino acid.

{|:10'D
Hf; N_ \ | —H

R

Figure 2.1 Basic configuration of the amino acid (R group, side chain, is different for each

amino acid, expect for glycine where R=H for that) [9]

Apart from glycine which is the simplest amino acid, amino acids have a stereogenic
center on the carbon atom. The asymmetric carbon at the center allows amino acids to have

an optical activity except for glycine.

When the amino group of the amino acid is linked directly to the central carbon atom that
is a-carbon, it refered to as a-amino acids. All of the 20 common amino acids that occur
naturally in proteins are a-amino acids. Besides the a-carbon that has the amino and
carboxyl group, it also engages to an R side chain. R groups differ in size, electric charge,
structure and solubility in water that allows the variations in amino acids. Depending on
the properties of the side chains, R group, amino acids are classified, in particular,
considering the polarity or affinity to interact with water. The character of side chain varies
widely from hydrophobic (non-polar) to hydrophilic (polar). Some features and pKa values

of common amino acids are listed in Figure 2.2.



PK, values
Abbreviation/ PK, PK, pKg Hydropathy  Occurrence in
Amino acid symbol M, (—COOH) (—NH3) (R group) pl index* proteins (%)
Nonpolar, aliphatic
R groups
Glycine Gly G h 2.34 9.60 5.97 —-0.4 7.2
Alanine Ala A 89 2.34 9.69 6.01 18 7.8
Proline Pro P 115 1.99 10.96 6.48 1.6 5.2
Valine Val Vv 117 2.32 9.62 5.97 4.2 6.6
Leucine leu L 131 2.36 9.60 5.98 3.8 9.1
Isoleucine lle | 131 2.36 9.68 6.02 45 53
Methionine Met M 149 2.28 9.21 5.74 19 2.3
Aromatic R groups
Phenylalanine Phe F 165 1.83 9.13 5.48 2.8 3.9
Tyrosine Tyr Y 181 2.20 9.11 10.07 5.66 —1.3 3.2
Tryptophan Tp W 204 2.38 9.39 5.89 —-0.9 1.4
Polar, uncharged
R groups
Serine Ser S 105 2.21 9.15 5.68 —-0.8 6.8
Threonine Thr T 119 2.11 9.62 5.87 —-0.7 5.9
Cysteine Cys C 121 1.96 10.28 8.18 5.07 2.5 19
Asparagine Asn N 132 2.02 8.80 5.41 =55 43
Glutamine Gin Q 146 217 9.13 5.65 =&.[5 4.2
Positively charged
R groups
Lysine Lys K 146 2.18 8.95 10.53 9.74 —-3.9 5.9
Histidine His H 155 1.82 9.17 6.00 7.59 —3.2 23
Arginine Arg R 174 2.17 9.04 12.48 10.76 —4.5 5.1
Negatively charged
R groups
Aspartate Asp D 133 1.88 9.60 3.65 2,77 =35 53
Glutamate Glu E 147 2.19 9.67 4.25 3.22 =25 6.3

Figure 2.2. The conventional features and pKa values of common amino acids [9]

Since a-carbon is the chiral center, special nomenculture was developed to designate the
configuration of the functional groups at the stereogenic center to determine the absolute
configuration. Thus, D and L system is used to represent isoforms. Most of the biological
samples with a chiral center are found in one stereoisomeric form either D or L. Generally,
proteins contain L-isoforms while very few amino acid residues occur in L-form in small
peptides [9-12].

2.2. PEPTIDES

Peptides are molecules that are composed of amino acids that have unique functions which

are supplied by individual features of each amino acid. The specifity of the function is



further increased by the constitution of several amino acids to allow peptides act as

chemical transporters, specific stimulators or inhibitors and neurotransmitters [13].

From a chemical point of view, peptides are formed via peptide bonds between amino
acids through a condensation reaction. When two amino acids cluster, the amino group of
the amino acid reacts with the carboxyl of the other, results the condensation reaction that
produce the peptide bond. This linkage occurs by the removal of water molecule through
dehaydration process. Thus, peptides contain few amino acids residues linked together by
peptide bonds [11, 14, 15]. If the number of the amino acid residue is less that 30, the term
oligopeptide is used to refer to the structure [16]. These are relatively small molecules
compared to the proteins since the proteins form when the molecular weight of the peptide
Is greater than about 12,000 g/mol. o acid residues. Still, it is possible to say proteins may
contain thousands of amino acids. Molecules have more than 100 amino acid residues are

reffered as proteins while less are regarded peptides [9, 13].

Figure 2.3 represents the process of peptide bond formation to yield a dipeptide through

condensation.
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o
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Figure 2.3. Scheme of peptide formation [9]

The organization or the sequence of the peptide link specifies the covalent structure of the
compound. It is regarded as primary structure. Apart from this, some non-covalent

interactions such as hydrogen bonding exists between amide groups that define the



secondary structure of the molecule. Also, proteins and peptides may have tertiary
structures through chain folding as a result of polar or non-polar interactions or disulfide
bridges. Finally, if more than one polypeptide chain exists; quaternary structure describes

the packing of the chain.

Each peptide has a free amino group that is reffered as amino end or N-terminal. On the
opposite side of the peptide, a free carboxyl group appears in the chain and is named as
carboxyl terminal or C- terminal. Figure 2.4 describes the terminals of a peptide [13].

HzN—CHRl—CO—NH—CHRZ—CD— civies —NH—CHR* !'—CO—NH-CHR"—-COOH
N-terminal residue C-terminal residue

Figure 2.4. N and C terminals of a peptide sequence [13]

2.2.1. Secondary structures - the a-Helix and p —sheet

Secondary structures of the proteins or polypeptides occur through the localized parts of
the molecule that results in three-dimensional conformation. Hydrogen bonding interaction
exists between the N-H proton of the amide and C=0O oxygen of the other. Thus, two

possible stable organization of the structure may form, a-Helix and B-sheet.

When the chain of the peptide folds in particular into the right-handed spiral between the
carboxyl oxygen and the amine hydrogen of the fourth residues, a-Helix structure grows.

a-Helix form is shown in Figure 2.5.



Figure 2.5. Configuration of a-Helix [17]

The other most frequently sighted secondary structure is B-sheet. In this structure, two or
more peptide chains or also refered as strands align side-by-side as shown in Figure 2.6.

Here, hydrogen bonding exhibits in between carboxyl and NH groups of backbone of the
peptides.
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Parallel p-sheet Antiparallel g-sheet

Figure 2.6. Conformation of B-sheet [18]

The B-sheet conformation composes in two forms. If the strands run into the same aspect,
parallel B-sheet occurs. On the other hand, when the strands line up in opposite directions,
it is called antiparallel B-sheet [19, 20].



Additionally, the major distinction in between [-sheet and o-Helix is that hydrogen
bonding forms between different polypeptides in B-sheet whereas it occurs within the same
strand in a-Helix [11, 21].

The analysis and the determination of the secondary structures can be obtained by using
infrared spectra. The most convenient infrared band for protein or peptide structures in
aqueous media is amide | band which exists roughly between 1700 and 1600 cm™. The
amide | band supplies significant amount of the C=0 stretching vibration of the amide
group linked to the flat NH bending [22].

2.3. SELF-ASSEMBLY

In life, there are some causes to the demand of clarifying self-assembly. One of them is
organisms are attracted by the organization of order from disorder. Furthermore, living
cells tend to self-assemble that increase the importance of understanding the mechanism
underlying self-assembly to sight the life. Also the cell allows enormous examples of
functional self-assembly to inspire envision of non-living systems [23, 24]. The
multicomponent three dimensional complex structures form in nature through the

association of the molecules result as molecular self-assembly [6].

The definition of the term of ‘self-assembly’ is quite elastic. Although it is possible to
confuse the description of it with the ‘formation’, there are distinct diversities between
them that do not make them synonymous. Self-assembly is a reversible system and can be
controlled by the certain construction of the components that separates it from formation.
It is a spontaneous phenomenon in which the pre-existing components (separate or certain
parts of the disordered structure) of the process organize into patterns or larger functional
structures without human intervention. Self-assembly process involves intermolecular
bonds via non-covalent interactions such as hydrogen bonding, electrostatic or van der
Waals interactions [2, 6]. It is possible to find out self-assembling processes within nature

and technology.

There are two types of self-assembly. One of them is static and the other is dynamic.

Figure 2.7 represents static and dynamic self-assembly examples.



Figure 2.7. Static and dynamic self-assembly a) Static self-assembly of ribosom’s crystal

structure b) Optical micrographs of dynamic self-assembly of a cell [24]

In static self-assembly the system is in global or local equilibrium and does not conflict
energy. Here formation of the aligned structure may need energy but once it is formed,
then it is stable. On the other hand, in dynamic self-assembly the association of the ordered

structures or patterns is valid only if the process dissipates energy [24-27].

Molecular self-assembly is characterized by spontaneous diffusion and specific association
of molecules dictated by non-covalent interactions. There is vast number of recent
examples involving different molecular entities: organic molecules, proteins, peptides,
DNA and others. Although this is not a comphrensive list, it represents the diversity of
building blocks that can be used. Assembly can be biologically inspired where complex
nanoscale structures are made to function with precision. For example, cells can be thought
as active units that respond to their environment and are epitomes of advanced
microtechnology. However, the hardware of cells is implemented from biomolecules such

as proteins, lipids and DNA, often self-assembled into functional nano scale structures.

Nanoassemblies, recognition events are controlled by convinient thermodynamics, often
mediated through weak non-covalent interactions like hydrogen bonding, electrostatic
interactions containing dipoles and formal charges, hydrophobic forces and van der Waals

interactions. Eventhough lot of these interactions may be minor in magnitude (<5
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kcal/mol), the large number formed in the final assembled structure is significant. The
large entropic cost of ordering molecules is only slightly off-set by the favorable enthalpy
gained from these weak interactions, rendering the self-assembled system to exist in a
thermodynamic equilibrium. Therefore, self-assembly is a dynamic process through weak
forces imposing reversible associations to obtain an energetically optimized

supramolecular construction.

Non-covalent synthesis of supramolecular structures can be classified as commutative or
non-commutative. Commutative self-assembly describes a process in which given steps
leading to the formation of the supramolecular structure may be interchanged (Figure
2.8.a). Non-commutative self-assembly takes place through a sequence of steps that cannot
be interchanged; for example, a hierarchical process in which intermediate structures are

formed and subsequently assemble into complex systems (Figure 2.8.b).

(a)
I—pn 2t pppe BB ppmEEm
-~ - -

« B— nuEnEL pppnEm

(b)
-O-(S

Figure 2.8. Self-assembly of commutative and non-commutative a) Steps of commutative

process b) Non-commutative processes aligning hierarchical order in the assembly system
[28]
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2.3.1. Self-assembly of Peptides

Understanding the mechanism of self-assembly and the outcomes of it at nanoscale bring
an increasing attention of designing novel supramolecular structures. Therefore, plenty of
self-assembling structures have been fabricated and analyzed such as block copolymers,
phospholipids, complex DNA aggregates, enzymes, proteins and peptides [29-32]. During
the process of designing the structure, some features of the building block is considered
such as chemical functionality, molecule morphology, and mechanical characteristic of the
molecule. Peptides are one of the molecular building blocks that are used to prepare self-
assembled structures having an extend ability of biofunctionality such as ligand and metal
recognition, biocompatibility or biodegradability. It also allows the promising possibility
of attaching intramolecular peptide folding to material features [29, 30]. The self-

organizations of peptides with varying morphologies have shown at Figure 2.9.
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Figure 2.9. Various morphologies coexist through self-assembly [33]

Although it is possible to come across to polypeptide self-assembly such as amyloid fibril
formation or microbial physiological systems related to medical disorders, the organization
features of the peptides have inspired the scientists for developing bio-nanoassemblies,

involving nanotubes, nanofibrils, nanotapes and hydrogels at nanoscale [32].

One of the first studies on self-assembled peptide structures was obtained by Zhang

unintentionally while working on yeast genetics and protein chemistry. The focus of the
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study was to understand the structure of left-handed Z-DNA. During the study Zhang
accidently found something novel which is the identification of a protein called Zuotin that
binds to left-handed DNA in the presence of excess amount of sealmon DNA containing
right-handed B-DNA and random DNA structures. Zuotin contains repeating sixteen
peptide residues for the sequence n-AEAEAKAKAEAEAKAK-c (EAK16-II). This
peptide has been improved to design a class of basic beta-sheet peptides. By the sight of
this serendipitous discovery, the working group has an inspiration of designing varying
members of these peptides that can be used in tissue engineering as three-dimensional
scaffolds. They found out that four different segment of yeast zuotin (RDA 16-1, RAD16-
I, EAK-1 and EAKZ16-1I) have self-assemble forming beta-sheet organization in an
aqueous solution and further go into form nanofiber scaffolds. Moreover, self-
complementary peptide EAK16 generates an insoluble membrane in a macroscopic scale.
Some circular dichroism (CD) studies proved an identical spectrum of -sheet formation
with the ellipticity between 195-220 nm [34].

The search of Zhang and co-workers have undergone for the self-assembled oligopeptides
which are a new type of biodegradable and bioequivalent biomaterials. These structures
have a great potential for the application in the field of biomedical and pharmaceutical
areas [35]. The basic characteristic of this class of material is having a sequence of
changeable hydrophobic side chain and charged side chain that was invented by Zhang et
al. [36]. They have demonstrated the potential of using non-conjugated peptide as a
monomer to obtain organized nano scale structures. These relatively small linear peptides
containing around 7-8 residues are distinguished by well-determined hydrophobic and
hydrophilic residues. The study was performed by characterizing the peptide with a
hydrophilic head containing aspartic acid and a tail of hydrophobic amino acids that are
alanine, valine or leucine. These peptides denote as surfactant-like properties which are
analogous to the other biological surfactants. In aqueous solution, these peptides self-
assemble into well-organized nanotubes and nanovesicles via molecular interactions of

hydrogen bonding which was represented in Figure 2.10 [6, 37].
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Figure 2.10. TEM data of the surfactant-like peptides A6D, V6D, V6D2, and L6D2 in
water a) A6D b) V6D c) V6D2 d) L6D2 [37]

Zhao supported these findings and reveals that although these surfactant-like peptides have
varying arrangement and totally distinct compositions; they collaborate about a common
feature. They composed of a hydrophilic head containing 1-2 charged amino acids and a
hydrophobic tail consisting of four or more consecutive hydrophobic amino acids. Due to
this basic molecular construction, these peptides conduct themselves to self-assemble in
aqueous solution to form nanostructures at varying sizes. Sufficient amount of work have
supported that almost all of the surfactant like peptides undergo self-assembly into
dynamic nanoscale structures in water media [38-40]. Also, the structures that are
fabricated by alanine and valine containing tails are more stable and uniform comparing to

the peptides having tails with glycine, isoleucine and leucine [41].

Among the scientists self-assembling properties of peptides have been examined and
Ghadiri and co-workers were the first to define a new type of organic nanotubes related to
cyclic polypeptides to be formed rationally. The design of these cyclic polypeptides was
performed by changing the even number of D- and L- amino acids that form self-
assembled nanotubes via hydrogen bonging. The diameter of these nanotubes can be

managed by alternating the amount of amino acids in the peptide sequence [6]. These
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peptide nanotubes are revealed as a new class of antibiotic agents since they are toxic to
bacteria [42].

Cyclic polypeptide structures were also investigated by Seebach and co-workers.They
revealed that cyclic tetrapeptides contain chiral f-amino acids tend to form disklike
conformations and pack to embrace hollow tubular patterns through the results of X-ray
powder diffraction and molecular modeling of cyclo[cyclo[-(b3-(S)-HAIla)4-], cyclo[-(b3-
S)-HAlab3-(R)-HAIa)2-], and cyclo[-(b3-(S)-HAla)2-(b3-(R)-HAIla)2-] [43]. Lanreotide
octapeptide is another cyclic peptide that was studied to form tubular structures with
nanometric scales in water solution. It was revealed that the self-assembling process of this
peptide is based on the distinction of aliphatic/aromatic parts that promote the formation of
[3-sheet fibrils [44].

Peptide-based nanostructures were also obtained through self-aggregation of 12 short ionic
oligopeptides composed of 4-7 amino acid residues such as RADARAD, RWDW,
RDWW, RVDV and RDVV (The letters correspond to: A= L-alanine, D= L-aspartic acid,
W= L-tryptophane, R=L-arginine, VV=L-valine). It was found if the hydrophobicity of the
neutral residues increases, the critical aggregation concentration (cac) of the tetrapeptides

decreases [29].

A wide range of peptides and proteins have offered to fabricate nanofiber alignment such
as well-known amyloid fibril formation which causes several diseases in physiological
conditions. Much work have naturally focused on the amyloid forming peptides, or
selected fragments of these because of the close connection to neurodegenerative diseases
like Alzheimer, Parkinson disease, bovine spongiform encephalopathy, or type Il diabetes
[45-51]. These well-ordered and structures are still being investigated by the research
groups to identicate the mechanism under it. Alignment of the nanofibers are well-
organized and they represents significant regularity and, at some point, helical periodicity.
In the point of dimensions, these nanofibers resemble to the extracellular matrices that are

considerable for allowing a diversity of cells to adhere together to occur tissues [52].

Self-assembling of peptides to serve supramolecular structures of helical ribbons have been
obtained with the arrangement of B-sheet peptide, KFE8 (sequence of amino acid:
FKFEFKFE) by Hwang et al. Computational approach of KFES8 satisfied the helical
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ribbons at certain dimensions [53]. Studies for -helix structures have been sustained and
Perutz and colleagues have demonstrated the formation of nanotubes from polyglutamines.
They represented the span of the polypeptide chain and the amount of consecutive
glutamines residues on the peptide chain is crucial for the occurence of B-helix structure.
This outcome was also proved by computational simulations. Since polyglutamines are
significant biocompounds, understanding the nanotube formation of polyglutamines

brought a great insight to design novel scaffolds [52, 54, 55].

2.3.2. Self-assembly of Peptide A6K and A10K

So far many short peptides have been worked on self-organization processes into different
structures including fibers, tapes, tubes and spheres. In the current study, short peptides of

A6K and A10K have been investigated for the dynamic behavior at varying conditions.

Cationic peptide A6K has six hydrophobic alanine chains with a hydrophilic lysine head
group while A10K consists of ten alanines and a single lysine. Alanine has no charge at the

side chain which composed of a single methyl is represented in Figure 2.11-2.12.
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Figure 2.11. Molecular structure of A6K
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Figure 2.12. Molecular structure of A10K

As it can be clearly seen, N-terminus of this peptide contains alanine, the residue of -NH,
in the structure is placed at the other side. Since consecutive five alanine groups that are
connected each other via peptide bonds do not have any side chains, they occur the
hydrophobic part of the peptide. On the other hand, lysine terminates the sequence of the
peptide with—-COOH group that is located in C-terminus. However, lysine has an -NH;
containing side chain at this location. pKa values of these groups are approximately 10 for
-NH; groups in N-terminus of alanine and in side chain of lysine and approximately 2 for -

COOH in C-terminus of alanine.

Some of the studies were performed by using end-capped peptide. Because of the changes
in N-terminus due to the variation of pH, this terminal has covered with —CH3 group.
Zhang and co-workers are one of the first groups to investigate and design novel
nanostructures by altering the sequence of the peptide or hydrophobic and hydrophilic
region of the chain, have also worked for these end-capped peptides. When N-terminus of
the peptide is capped, the structure resembles to more likely surfactant. So, it solely
constitutes a hydrophilic group at one end and a hydrophobic tail at the other side that is
similar to an amphiphilic molecule. Therefore, they introduced lipid-like peptides also
named peptide surfactants to form dynamic structures in pure solution such as other
surfactants, depending on to the concentration, remarkably pH variation or ionic strength

of salts parameters. They reported a detailed study about peptides of end-capped A6K and
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A6D with relevant images of atomic force microscopy (AFM) and results of dynamic light
scattering (DLS) [56]. Unlikely the peptides they study have formed vesicular and tubular
nanostructures which have obtained at different concentrations for distinctively varying

sizes, features and elasticity.

On the other hand, in the present study, N-terminus of the peptides is not capped which
allows to carry positive charge in aqueous solution and certainly does not exhibit the
feature of surfactant. This peptide is remarkably different from similarly sequenced
peptides where the N-terminal is end-capped. End capping completely changes the charge
distribution on the peptide, leading to novel structure formation. Bucak and her research
group published some interesting results for investigation of non-capped A6K where
nanotube formation was observed and the cryo-TEM results were well-supported with
SAXS experiments in shedding light on detailed structure analysis [3]. Extended search
was performed for the model peptide AnK, where A is alanine and K is lysine when n=4,
6, 8 and 10. It revealed that A4K has very high water solubility and did not exhibit a
significant self-assembly. In addition, A8K and A10K was studied using small angle X-ray
scattering (SAXS) and wide angle X-ray scattering (WAXS) that confirms the presence of
thin rodlike aggregates with the size of 100 nm having biaxial cross-section [1].

Additionally, local structures leading to the formation of nanotubes from A6K has been
investigated using flow aligned X-ray diffraction (XRD) [57]. The work on investigation
of structures formed by A6K in water is extended and relevant results and conclusions are
published [58].

In taking this work further, investigating structures of the same peptide A6K for another
counter-ion and various pH values was performed in the current study. As pH alters the
charge of the peptide, different structures were obtained at different pH values. Counter-
ion also has a shielding effect on the charges and hence was expected to influence the self-
assembly structures. This investigation was important to understand the effect of charge

distribution on peptide-peptide interactions.
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2.4. APPLICATIONS OF PEPTIDES

Self-assembling features of peptides inspires various applications ranging from
nanoelectronics, computational devices, and photonic crystals to biotechnology,

biomineralization, targeting drug delivery and tissue engineering scaffolds.

As a point of protein chemistry, soluble proteins displaying a desired function, such as a
particular enzymatic activity or binding epitope can be modified at their surfaces to enable
self-assembly; the resultant nanostructure contains a factory of sites whose function is
dictated by the monomeric precursor. In terms of production, many proteins can be
overexpressed and technologies to incorporate non-coded residues facilitate diversity. In
spite of these advantages, peptides and proteins have limitations. Devices that must operate
in rigorous environments, such as at high temperature, or in strongly acidic and alkaline
solutions, may require more robust materials. For electronic applications, limited electrical
conductivity is a severe drawback. For applications that necessitate in vivo function,
enzymatic degradation may be problematic. However, controlled degradation can be
advantageous for tissue engineering applications where extracellular matrix substitutes
fabricated from self-assembled peptides or proteins may potentially be degraded at a rate

similar to tissue regeneration [28].
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3. MATERIALS AND METHODS

3.1. MATERIALS
Table 3.1. Chemicals for cytotoxicty of A10K

Chemical Formula Structure Provider Purity
name
o oﬁ/NHJkNH
Peptide OINHVLNH L R Ao (CPC
Alanine(10)- ALOK | & §“3°ji““2 ””IR Scientific
Lysine(1) O%Rf T ) Z/%“i Lot No: CM-
HNIWNHZ 08-012-59
Peptide ABK (with 7 (CPC
Alanine(6)- | Cloride ﬁ/L \)L Scientific
Lysine(1) counter- OINH T Lot No:
ion) )NH\l/ WH = qo
LY. V.N.V.V.4
Heavy Water D,O D\o’D Armar 99.8%
Chemicals
MTS CellTiter
Tetrazolium Reagent 96®Aqueous
Salt Powder Promega
Corporation




Table 3.2. Cells and solutions used for cytotoxicty of A10K
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Cell Type

Abbreviation

Supplier

Human Umbilical Vein HUVEC ATCC-CRL Virginia,
Endothelial Cell USA
Human Epidermal HaCaT ATCC-CRL Virginia,
Keratinocytes USA
Kidney Epithelial Cell Vero ATCC-CRL Virginia,
USA
Leydig Cell (Mus T™M3 ATCC-CRL Virginia,
musculus, mouse) USA
Human Dermal Fibroblast HDF Isolated from Human
Foreskin [59]
Dubleco Eagle’s Minimum DMEM Gibco

Essential Medium
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Penicillin-Streptomycin- Anti-Anti (100X) Gibco
Amphotericin
Fetal bovine serume FBS Gibco

Dulbecco‘s Phosphate (DPBS; w/o: Calcium, w/o: PAN Biotech, GmbH
Buffered Salt Solution Magnesium)
Dimethyl sulfoxide DMSO Sigma-Aldrich, UK

3.2. METHODS

3.2.1. Dynamic Light Scattering (DLYS)

Dynamic Light Scattering is a commonly used method which allows the determination of

particle size down to 1 nm. This technique is based on the measurement of the distribution

of velocity for particle movement in the sample by analyzing dynamic fluctuations of

scattering intensity of light caused by the Brownion motion. Hydrodynamic radius which is

calculated by Stokes-Einstein equation [60] is obtained from a microscopic point of view,

the basic principle supply the illumination of the sample by a laser beam and the

fluctuations of the scattered light from the sample are detected at a known scattering angle

0 by using a photon detector. Basic working principle of DLS is shown in Figure 3.1.

Additionaly, a simple representation of the instrument is submitted in Figure 3.2. Size of

various systems such as emulsions, proteins, nanoparticles, colloids and peptides can be

determined by this method.
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Figure 3.1. Schematic representation of DLS working principle [61]

Figure 3.2. An image of a DLS instrument

In this study, DLS is the instrument used for the measurement of zeta-potential of only
medium, medium with FBS and complete medium (FBS, medium and antibiotic) contains

peptide that is described in the next section.
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3.2.2. Zeta-Potential Analyzer

Zeta potential is one of the indirect measurement techniques to determine the net charge on
the surface of the particle by obtaining zeta potential value. This method is widely used
due to the feature of most accessible instrument to charatcterize the superficial properties
of the particle in the current media. Hence, analyse of zeta potential can be systematically

used as a pre-screening method to check batch to batch batch stability.

Additionally, the surface charge of the particle is strongly related with the existence of
physical state, for instance stability, absorption of proteins and peptides. It also influences
the interaction of the particle with biological systems. So, the values of zeta potential are
especially remarkable to specify the particles interested for biomedical applications. It can
possibly supply information about the tendency of the particles to aggregate in aqueous
media to associate the physical-chemical features of the particle in their in vivo and in vitro

operation [62].

3.2.3. Light Microscopy

Light microscopy is one of the imminant research tools in research modern biology and
many applications. Since the biological systems contain plenty scales of complexity, light
microscopy is used to access information from various biological scales in living cells [63].
Apart from the other microscope techniques it allows, in vivo studying or observations in
their native hydrated environments. Secondly, it labels the highly specific of multiple
components, and lastly allows the determination of the comprehensive internal structures
to be imaged in three dimensions. However, its major weakness is its limited resolution,
particularly in the axial, or focus, direction. Confocal or compututional approaches
techniques have improved the system resolution both laterally and axially, but there still
are great limitations of resolution for axial direction. Fundamentally, the wavelenght of the

light limits to the resolving power of optical microscope [64].

The most widely, light microscopy techniques can be classified into two categories; one is
brightfield and the other is fluorescence. In brightfield microscopy the detection objective

and the source of the light is positioned at the opposite parts of the samples, then the
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sample is viewed by the behaviour of the passing light through the sample such as
scatteres, deflections or absorbance of it. Commonly cells are transparent and slim; they do

not tend to absorb much light.

On the other hand, molecules called fluorescent dyes (fluorophores) are utilized in
fluorescence microscopy to absorb one wavelength of the light (the excitation wavelength)
and emit a second, longer wavelength of it (the emission wavelength). Generally, many
molecules in the cell are not naturally fluorescent; therefore the fluorescent markers are
introduced to the sample to be imaged. This allows the markers to be targeted to the
relevant molecule or molecules, either by genetically encoding a fluorescent protein or by
combining a fluorescently marked antibody. Various fluorescent molecules can be
employed simultaneously to distinguish and detect at very low abundance of the molecule,
making fluorescence microscopy a powerful technique. In fluorescence microscopy
epifluorescence is typically used, which the fluorescence excitation light expose the sample

through the same objective that is used to reveal emission of the sample [65].

A schematic representation of commonly used light microscopy illustration is submited at
Figure 3.3 while the used light microscopy during the experimental study is shown at
Figure 3.4.

Figure 3.3. An image of a Light Microscope
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Figure 3.4. Schematic layouts of common microscopy techniques a) An inverted

epifluorescence microscope b) A Confocal microscope c) A light sheet microscope [65]

Here, Light Microscopy is utulized to visualize the morpology and the growth of the cells,
and monitor the scratch of the cells during the wound healing process that is explained in
detail at Chapter V.

3.2.4. Small Angle X-Ray Scattering (SAXS)

X-ray small angle analysis is a universal technique which covers a broad range of particles
from very small biological samples to enourmous macromolecular ones for studying
structural features from 5 kDa up to 100 MDa that is used to indirectly get information
about the morphology and size of particles [66]. Any scattering process is characterized by
a reciprocity law, which gives an inverse relationship between particle size and scattering
angle. Colloidal dimensions (between tens and several thousand A°) are enormously large

compared to the X-ray wavelength [67].

Scattering techniques use radiation as a source of investigation of the unknown sample.
Light, X-Ray and Neutron scattering have similar working principles but the interaction of
the radiation with the scattering medium is different. For Small Angle X-Ray Scattering,
SAXS, radiation is X-Rays and the scattering contrast is the fluctuations of the electron

density.
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Colloidal interactions, multi-scale structures in soft colloids, polyelectrolyte brushes and
the amphiphilic self-assembly occurring at the millisecond time scale are only some
examples of what can be measured by SAXS [16, 68]. It gives supplimentary information
about macromolecular folding, aggregation, extended conformations, macromolecular
structures, flexibly linked domains, shape, conformation, and self-assembly in solution,
while at the lower resolution range of about 50A° to 10A° resolution, but without the size
limitations inherent in nuclear magnetic resonance (NMR) and electron microscopy studies
[69].

Basically, SAXS set-up consists of four main components. X-Rays is the first part as a
source, that are produced in an electron tube by using two electrodes, where one sends
electrons at an enormous speed to the other one. The anode is hit by the electrons and
during the electronic organization, X-Rays are produced. The other part is a
monochromator. Then, the beam of X-Rays is arranged, making the rays as parallel as
possible to each other. This monochromatic and arranged X-Ray beam then hits the
sample and a small part of the incoming beam is scattered. The last part is the detector to
collect information from the scattered light. Vacuum has a great importance to use in a
SAXS system to prevent the strong background scattering from air. Additionaly a
conventionel SAXS set up also contains a beam stop that is needed to protect the detector
from the primary beam. The diagram of Figure 3.5 represents a brief set up of SAXS

system.

Extended Sample to
Detector Distance

I , f .
Evacuated
Beampath

Beam Stop

Figure 3.5. Schematic layout of a SAXS setup detecting the incident, scattered and
transmitted X-Ray beams and the 2-D detector [16]



27

As it was previously mentioned, the principle of the SAXS is based on the measurement
of the electron density flactuations. The electric field of the radiation scattered to a point
detector at position r, where Ay is the initial amplitude, has a wave amplitude, A, which

has a value of

A=A e™ (3.1)

If it is a planar wave. k is the wave vector with a value of

lk|= 2" (32)

where A is the wavelength of the incoming planar wave. It has the same direction with
light. In SAXS, it is not amplitude, which is being measured. Scattered intensity is
measured. The intensity, which is the energy flux, or the number of particles, per time and
area, is proportional to the square of the amplitude. Radiation source hits on the detector,
“enlightening” a certain area. As one move further away from the source, the illuminated

area gets bigger but the intensity decreases.

Area is directly proportional with the square of the distance, r, on the other hand, is
inversely proportional to the square of the distance. When these relations are combined,
one gets the result that A, amplitude, is inversely proportional to the distance, r. Consider a
single scattering center at the origin. The wave comes with amplitude of as stated in
equation (3.1) and it is scattered where

A=A > etk (33)

Here, b is known as the scattering length, which can be thought as the probability of being
scattered. Here it is assumed that the scattering is quasielastic, meaning there is a
negligible change in the frequency. A and Asare assumed to be in phase as well. If there is
a phase shift, the scattering center is not placed at the origin, then the scattering amplitude

becomes;

A=Ag= ethsTe=iT - R (3.4)
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In equation (3.4), there is a vector, g, known as the scattering vector. It is the difference
between the scattering vector of the incoming wave and the scattered vector and its value

is;

q =?sin G) (3.5)

If there are N scattering centers, all the scattered waves are summed up.

I=—<b*TL TN e > (3.6)
T, =n-T (37)

In this equation, V is the scattering volume. All the scatterings from individual atoms are
summed up to get information about the structures we have. Then, here is the basic idea of

how imaging and scattering are related:
3 1 . —, 2
(@ =AP = - |Z;be's 7 (38)
if it is imagined all the atoms are collected in a sphere, then;

& q @) e | =1p(@) (3.9

1 —

; - |Evsphsrs
P(q) is known as the form factor and it gives information about the size and the shape of
the structures. Fourier transform of P(r), scattering length density, in equation (3.9) relates

scattering and imaging (3.8).

Each characteristic shape has different form factors that supplies varying mathematical
models, which allows the predictions of the morphology from the scattering data. In this
work, SAXS is used to estimate the formed structures in the samples of varying
concentrations for A6K with different counter ions at altering pH values as well as A6K in
H,0.
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3.2.5. Cryo-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM is one of the most powerful imaging techniques that can be applied to the nano-
scale particles, self-assembling structures, geochemical and biological minerals,
electrochemical systems or macromolecular conformations [8, 70]. It is also known as
cryo-EM, and was developed in the 1980s for visualizing biological samples in a virtually
natural state at the resolution of the transmission electron microscope (TEM) (0.1-2 nm).
Conventional preparation techniques of TEM contain drying and distaining processes or
plastic embedding of the samples, causing the sample that is captured to correspond to a

deformed version of the original specimen.

For cryo-TEM the technique basically contains imaging of the sample in a frozen-hydrated
state. Sample preparation of Cryo-TEM typically involves the process of putting a droplet
of the sample on an electron microscopy (EM) grid, immersing with filter paper to remove
excess solvent of the sample, and flash freezing the grid in a cryogen which causes the
solvent to compose a vitreous or amorphous, glass-like state. A typically used grid of the
system has a hollow carbon support film that allows sample particles to be suspended in a
layer of frozen solvent within the support layer’s hole. Later on, frozen sample’s cryo-
TEM images can be picked up without any adsorption interference or background signal
from the support layer. This preparation method preserves the sample specimen in the solid
state that can be placed into the ultra-high vacuum of a TEM.

Liquid nitrogen is carried on to the frozen sample grid in cryo-TEM during the imaging
process. The advantage of the cryo-TEM is that images can be collected from the existing

specimen in a frozen-hydrated state that is as it exists in solution.

A schematic representation of a cryo-TEM is shown in Figure 3.6.
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Figure 3.6. Determination of an image of a protein by cryo-TEM that involves several

stages [71]

In this study, cryo-TEM is used to obtain actual images of self-assembly structures formed

by oligopeptides for A6K and A10K.

3.2.6. Infrared Spectroscopy (IR)

Infrared spectroscopy is one of the major tools in analytical chemistry within instrumental

techniques. One of the great advantages of IR is to allow studying almost any samples any

state. Among the various attachments and apparatus, IR is capable to work out with

liquids, solutions, pastes, powders, films, fibres and wide range of surfaces.
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It is commercially avaliable since late 1940s. At the very beginning the system relied on
prisms to behave as dispersive elements. Then later on diffraction gratings were introduced
to that current instrument. Further improvements brought the most important features in IR
with intoduction of Fourier-transform spectrometers. In this system an interferometer is
used and it employs the well-established mathematical models of Fourier-transformation.
Fourier-transform IR (FTIR) spectroscopy has significantly developed the quality of the

spectrum of the IR and decreased the analysis time to obtain the data [72].

The image of an FTIR is submitted in Figure 3.7.

Figure 3.7. An image of an FTIR spectrometer

Since the molecules and compounds are made of atoms that are chemically bonded, there
is a movement of these atoms and chemical bonds which are comprised of springs and
balls in constant motion. The streching and bending vibrations of the motion allow
understanding the movement. Each particular bond has their own charteristic nature of the

frequencies of the vibrations; therefore appear differently on the IR spectrum.

The radiation of IR is generally described as that electromagnetic radiation whose
frequency is between 20 and 14,500 cm™. Chemical compounds absorb IR radiation within

this region of the spectrum. This supplies a dipole moment variation during a normal
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molecular vibration, molecular rotation, and molecular rotation—vibration or from
combinations and differences in the normal molecular vibrations. The IR band’s
frequencies and intensities produced by a chemical compound specifically characterize that
material. Then the IR spectrum of it can be used to identify and quantify the special

material in an unknown specimen [73].

Here, FTIR is used to define Amide | bonds of peptide self-assembly structures to gain as

complementary results to insight about the second structures formed by peptides.

3.2.7. Ultraviolet-Visible (UV-VIS) Spectroscopy

UV spectroscopy is one of the most commonly found analytical tool within laboratory
equipments to investigate absorbtion or reflectance of the light in 200-800 nm range which
is the UV-VIS region of electromagnetic spectrum [74]. It produces plenty of qualitative
information for identification of pure substances [75] and quantitative information based

on the intensity of the absorbed light.

When radiation comes across with a matter, a number of processes occurs such as
reflection, absorption, scattering, photochemical reaction or emmision/reemission. It is the
abrosbance that is measured by the UV-VIS spectrophotometer [76].

Generally, liquid samples are placed in a glass, plastic or quartz cuvettes that possess
varying optical properties. Then, the sample in the cuvvete is hit by the light and the
absorbance of the substance if any is recorded as a spectrum which is a graphical

representation of light transmitted or absorbed by material as a function of the wavelength.

UV spectrophotometer that was used in the experimental studies is shown in Figure 3.8.
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Figure 3.8. An image of a UV-VIS spectrophotometer

UV spectroscopy is used for cell cytotoxicity calculations during the experimental studies,
to determine the absorbance of alive or death cells on a certain plate that is described in

Section 5.
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4. STUDY OF SELF-ASSEMBLY OF PEPTIDES

As previously mentioned, the model peptide (tfa),-A6K revealed some substantial
information to former researches [3, 58]. The organization and self-assembling properties
of this peptide in aqueous media provides hallow nanotubes at a certain radius (26 nm).
Then the coming question was how about if the peptide is inside of a different solvent such
as a basic media obtained by NaOH solutions. Moreover, it was wondered what the
forming structures are when the peptide has another counter-ion. So, the research was
planned to be improved for extensive physicochemical parameters to determine the
boundries of the forming structures and to understand what formed structures are. One of
the major features expected to effect the process of the formation is the charge of the
monomers, as peptides in the system are pH dependent.

In this chapter, the peptide of (tfa),-A6K was investigated by solubilizing it in a different
solvent obtained by varying concentrations of NaOH (0.01M, 0.1 M, 0.2M, 0.5M and 1M
NaOH). There are turbidity and pH measurement results of (tfa),-A6K in H,O in
comparison with the same peptide in H,O and D,0. The self-assembly structures formed
by the peptide under these physical conditions were analysed by SAXS, along with
structures formed by another salt form, (Cl)-AgK.

4.1. PREPARATION OF PEPTIDE SOLUTIONS

For the experimental studies the peptide AsK (97 per cent purity) with TFA counter-ion,
and peptide with chloride counter-ion (ClI) ,-AsK was purchased from CPC Scientific, Inc.
and used without further purification. Chloride salt will be referred to as (Cl),-AsK and tfa
as counter-ion will be referred as (tfa),-AsK, Other peptide which was used for longer
Alanine residue in the study (Chapter V) is represented as Aj;pK (CPC Scientific, Inc.).

Heavy water, D,0O (99.8 per cent isotopic purity), was obtained from Armar Chemicals.
The self-assembly behavior of (tfa),-AsK in D,O has been invesitaged [16] in detail.

For the determination of the behaviour of peptide (tfa),-AsK in H,O, various

concentrations of the samples were prepared and the solutions concentrations were 8 per
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cent, 10 per cent, 12 per cent and 14 per cent (tfa),-AsK, respectively. H,O was used since
it is expected to form the nanotubes for the samples at higher critical aggregation

concentration due to stronger hydrogen bonding interactions of H,O.

One of the physical properties that can possibly have an influence on the formation of self-
assembly is pH. Therefore, we aimed to investigate the behaviour of (tfa),-A6K samples at
different pH values. Various NaOH solutions were prepared at certain molarity which
shows the relevant pH values measured by micro-probe pH-meter. So, 8 per cent, 10 per
cent, 12 per cent and 14 per cent (tfa),-A6K were prepared in 0.01M, 0.1 M, 0.2M, 0.5M
and 1M NaOH (in H,0).

Moreover, peptide (Cl),-AgK, was prepared in D,O for the concentrations of 10 per cent,
12 per cent, 14 per cent and 16 per cent to explore the effect of counter-ion on the self-

assembly structures.

42. INVESTIGATION OF (TFA),-AsK IN HO AND VARYING
CONCENTRATIONS OF NAOH

4.2.1. Physical Properties

As long as A6K undergoes to self-assemble into nanotubes, it has critical importance to
determine the boundaries of this formation. Bearing this in mind, prepared solutions of
different concentration for (tfa),-A6K and the related images, turbidity and pH values are
submitted in Table 4.1 and described as A6K shortly.

Table 4.1. Properties and image of (tfa),-A6K peptide, in H,O

Sample pH Net Turbidity
Charge
8 % ABK 2.18 1.7 Clear
10 % ABK 2.15 1.7 Clear
12 % ABK 2.08 1.7 Clear
14 % ABK 1.98 1.8 Slight turbidity
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It should be noted that these results are very similar with those obtained for (tfa),-A6K in

D0 in previous work [3].

How altering pH in other words changing the concentration of NaOH affects the physical
properties; turbidity and pH of the solutions were investigated. The results of (tfa),-A6K in
different molarity of NaOH is represented at Table 4.2-4.6 which is reffered as A6K. It is
clearly seen that (tfa),-A6K in NaOH solutions have higher viscosities than those prepared
in water, some are already gels. Moreover, some solutions are birefringent, as observed

under polarized light, suggesting presence of a nematic phase.

Table 4.2. (tfa),-A6K in 0.01 M NaOH, in water

Sample | pH | Net Charge Turbidity
8 % A6K [ 2.54 15 Clear
10 % A6K | 2.65 1.5 Slight turbidity
12 % ABK | 2.56 15 Slightly more turbid
14 % A6K | 2.55 15 Slightly more turbid

Table 4.3. (tfa),-A6K in 0.1 M NaOH, in water

Sample | pH | Net Charge Turbidity
8% ABK | 4.07 1 Clear gel
10 % A6K | 3.88 1 Turbid gel
12 % A6K | 3.60 1-15 Turbid gel
14 % A6K | 3.34 1-15 Turbid gel
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Table 4.4. (tfa),-A6K in 0.2 M NaOH, in water

Sample pH Net Turbidity
Charge

8% A6K [ 8.75 1 Turbid gel

10 % A6K | 6.83 1 Turbid gel

12 % A6K | N/A Turbid gel - < -
14 % A6K | N/A Turbid gel a . '

Table 4.5. (tfa),-A6K in 0.5 M NaOH, in water

Sample pH | Net Charge Turbidity
8% A6K | 12.34 -1 Fluid, not turbid
10 % A6K | 12.59 -1 Gel like slightly turbid
12 % A6K | 12.19 -1 Gel turbid
14 % A6K | N/A Gel turbid/paste

Table 4.6. (tfa),-A6K in 1 M NaOH, in water

Sample pH Net Turbidity
Charg

8% A6K | 13.08 -1 Slightly
turbid gel

10 % ABK | 13.09 -1 Turbid gel

12 % A6K | 13.07 -1 Turbid gel

14 % A6K | 13.01 -1 Turbid gel

The physical comparison of the solutions for increasing NaOH molarity for A6K is

submitted in Figure 4.1.
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Figure 4.1. Images of 8 per cent and 12 per cent (tfa),.A6K peptide at various NaOH

concentrations

It is clearly seen from the figures, when the concentration of the NaOH increases which is
consistent with increasing pH, the samples turn into gel-like phase at more narrow
concentration level of peptides. Figure 4.1 describes the turbidity for the concentration of 8
per cent and when the pH increases up to approximately 12, solution becomes more fluidic
rather than gel-like appereance. If the concentration of the peptide is 12 per cent, peptides
are turbid-gel even for 0.1 M NaOH.

In the point of charge distribution, peptide has positive total charge (~+2) at low pH which
is obtained when placed in H,O and -1 at high pH, due to deprotonation of both the C and
N ends. This means that the peptide’s charge is distributed from positive to negative the
variation of pH. It is clearly seen that the electrostatic forces play an important role in the

self-assembly behavior of these peptides which in worthy of further investigation.

4.2.2. Self-Assembly Behavior by SAXS Studies

SAXS experiments of this study were performed in MAX-lab, Lund, Sweden. MAX-lab is
a national laboratory operated jointly by the Swedish Research Council and Lund
University. There are three electron storage rings (MAX I, MAX Il and MAX 111) and one
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electron preaccelerator, MAX injector, which delivers electrons to the storage rings. All
three storage rings produce synchrotron light used for experiments. Beamline 1711 at
MAX Il was used for SAXS experiments. It utilizes a 13-period, 1.8 T, multipole-wiggler
utilized to operate in the 0.85 (14.6 keV) to 1.55 A (8.0 keV) region. The beamline has a
single crystal monochromator which provide a high photon flux at the sample while

sacrificing easy tenability and high energy resolution.

The exposure was 300 s in every experiment. After subtracting the dark current, each
scattering curve was normalised to incident beam intensity, transmission and exposure
time. Water was measured in a capillary and subtracted from the measurements which
were also performed in capillaries. The measurements which were performed using cells
with mica windows were background-corrected by subtracting the mica windows only

since the mica cells could not be filled with water.

The behaviour of peptide (tfa),-AsK in H,O, or various concentrations of NaOH prepared
in H,O was investigated by using SAXS. The scattering curves listed in Table 4.10 were
fitted with the form factor of a parallelepiped (a “brick stone”), the form factor of a
cylinder with a circular cross section and the form factor of a cylinder with an elliptical
cross section. The latter two form factors were factorised according to Imodeiq) =
S-P*@rPesq).

P*( s the form factor of infinitely thin rod and Pcs(q is the form factor of the cross section
[77].

The fitting routine minimizes the x*function

2
X? — E;: ('raxparimanr (ax)— Imode {‘?k])

J{fsxpsrimﬂnr {qk:])

(4.1)

The longest dimension was kept constant at a value of C =400 nm (that’s the C-edge of the
brick stone) or at L = 400 nm (L being the length of the circular or the elliptical cylinder).
The fit parameters are a constant factor, S, to shift the model curve along the ordinate for
all models, the edges A and B in case of the parallelepiped form factor, the cross section
radii R; and R, in case of elliptical cylinder and the cross section radius R in case of the

circular cylinder. The background was assumed to be g-independent (an additive constant).
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Each scattering curve was analysed with these 3 models, with 5 different initial values of

the cross section size to minimize the y?function for each model.

In the case where the circular cylinder model was used, 5 different initial values for the
cross section radius R were applied for the fitting routine. In the case of the other 2 models,
the initial values for the edge length A or the cross section radius Ry were kept constant and
the initial values for the edge length B or the cross section radius R, were varied.
Moreover, the Guinier approximation, the Gaussian chain model and the sphere model
were tried as a g-dependent background, with a proper weight factor. To estimate the
background, the intensities of the last 20 q values were averaged (g-range from 3.35 nm™
to 3.48 nm™) and used as the initial value. The result for the fitted background was

restricted to be within £ 5 per cent of this average value.

The data of SAXS for the samples of (tfa),-A6K at varying pH are listed in Figure 4.2-
4.14.

The best model fit to the scattering curves from 14 per cent (tfa),-A6K in 0.01 M NaOH is
achieved with the elliptical cylinder. Still, this model fails to reproduce the slight

oscillations between g = 0.1 nm™* and g = 0.3 nm™,

In the case of 14 per cent (tfa),-A6K in 0.1 M NaOH, the cylinder with elliptical cross

section fits the scattering data best.

The best fit to the experimental data in the case of 14 per cent (tfa),-A6K in 0.2 M NaOH
is the cylinder with the circular cross section. Interestingly, the parallelepiped model and
the elliptical cylinder model both fail to describe the scattering curve because the model

fits do not result in similar cross section dimensions A and B or R; and Ry, respectively.

The scattering curves from 14 per cent (tfa),-A6K in 0.5 M NaOH can be fitted best with
the elliptical cylinder. The model fits with the parallelepiped form factor give cross section
dimensions of A = 2.6 nm and B = 8.6 nm, independent of the initial values of A and B.
The model fits with the circular cylinder give a cross section dimension of R = 1.8 nm
independent of the initial value for A. In the case of the elliptical cylinder, the fit result

depends on the initial values of R; and R,. Figure 4.2-4.5 describes the results.
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Figure 4.2. 14 Per cent (tfa),-A6K in 0.01 M NaOH for varying models a) Sample fitted
with the elliptical cylinder model b) Sample fitted with the parallelepiped model ¢) Sample

fitted with the circular cylinder model
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Figure 4.3. 14 Per cent (tfa),-A6K in 0.1 M NaOH for varying models a) Elliptical cylinder
model Ri/R, =5.0/1.4 = 3.6 or (D1/D, = 10.0/2.8) b) Parallelepiped model A/B=6.6/2.6=2.5

¢) Circular cylinder model
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Figure 4.4. 14 Per cent (tfa),-A6K in 0.2 M NaOH for varying models a) Elliptical cylinder

model Ry/R; = 4.1/1.7= 2.4 or (D1/D, = 4.2/3.4) b) Parallelepiped model

A/B = 6.

3/4.3 = 1.5 ¢) Circular cylinder model
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Figure 4.5. 14 Per cent (tfa),-A6K in 0.5 M NaOH for varying models a) Elliptical cylinder
model (D1/D, = 10.0/2.8 ) b) Elliptical cylinder model but with a different initial value for
R,. R1/R, =8.5/1.4 = 6.1 (D1/D, = 17.0/2.8 ) c) Parallelepiped model A/B = 8.7/2.6 = 3.3

d) Circular cylinder model

In the case of 12 per cent (tfa),-A6K in 0.5 M NaOH the best model fit is achieved with the
elliptical cylinder model. The model curve deviates from the experimental data only at q

values g < 0.2 nm™,
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There is not a distinct guideline to determine which model provides the best description of
10 per cent (tfa),-A6K in 0.1 M NaOH. The parallelepiped and the elliptical cylinder
model have smaller y? values but the circular cylinder model provides a better description

of the slope between g = 0.6 nm* and g = 1 nm™.

This can also be applied to 8 per cent (tfa),-A6K in 0.1 M NaOH. The related results are
submitted in Figure 4.6-4.8.
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Figure 4.6.12 Per cent (tfa),-A6K in 0.5 M NaOH for varying models a) Elliptical cylinder
model Ry/R; =4.5/1.3 = 3.5 (D1/D, = 9.0/2.6) b) Parallelepiped model A/B =7.8/2.4 = 3.3

c) Circular cylinder model

I(q)/a.u.
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Figure 4.7. 10 Per cent (tfa),-A6K in 0.1 M NaOH for varying models a) Elliptical cylinder
model Ry/R; = 4.1/1.8= 2.3 (D1/D, = 8.2/3.6) b) Parallelepiped model A/B = 6.5/3.5=1.9
c) Circular cylinder model
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Figure 4.8. 8 Per cent (tfa),-A6K in 0.1 M NaOH for varying models a) Elliptical cylinder
model Ri/R, =4.0/2.3 = 1.7 (D1/D, = 8.0/2.6) b) Parallelepiped model
A/B =6.6/4.3 = 1.5 ¢) Circular cylinder model
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The best model fit for 10 per cent (tfa),-A6K in 0.2 M NaOH is achieved with the elliptical

cylinder.

None of the three models is suitable to fit 16 per cent (tfa),-A6K in 0.01 M NaOH.
Therefore, it involves similar discussion for 14 per cent (tfa),-A6K in D,O which is going

to be explained further section.

The elliptical cylinder provides the model fit for 6 per cent (tfa),-A6K in 0.2 M NaOH.
The circular cylinder model does not reproduce the steep slope of the experimental
scattering data between q= 0.1 nm™ and q = 0.5 nm™. Figure 4.9-4.11 give the results here

below.
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Figure 4.9.10 Per cent (tfa),-A6K in 0.2 M NaOH for varying models a) Elliptical cylinder
model R1/R, = 4.3/1.7 = 2.5 (D1/D, = 8.6/3.4) b) Parallelepiped model A/B = 6.6/3.2= 2.1

¢) Circular cylinder model
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Figure 4.10. 16 Per cent (tfa),-A6K in 0.01 M NaOH for varying models a) Elliptical

cylinder model b) Parallelepiped model c¢) Circular cylinder model
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Figure 4.11. 6 per cent (tfa),-A6K in 0.2 M NaOH for varying models a) Elliptical cylinder
model R1/R,=8.5/1.3 = 6.5 (D1/D, = 17.0/2.6) b) Parallelepiped model A/B = 15.1/2.4=6.3

¢) Circular cylinder model
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The best description of 12 per cent (tfa),-A6K in 0.2 M NaOH is achieved with elliptical
cylinder which describes the scattering data at small g values a shade better than the

parallelepiped form factor.
This can also be applied to the model fits done on 12 per cent (tfa),-A6K in 0.1 M NaOH.

8 per cent (tfa),-A6K in 0.2 M NaOH can best be described with the elliptical cylinder.
The parallelepiped provides a good description of the scattering data too, but fails to
reproduce the scattering intensity at the smallest g values. The quality of the fit in the case
of the elliptical cylinder depends on the initial values of the cross section R; and R, (Figure
4.14.b). Figure 4.12-4.14 represents the results.
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Figure 4.12. 12 Per cent (tfa),-A6K in 0.2 M NaOH for varying models a) Elliptical
cylinder model R1/R; = 3.9/1.5 = 2.6 (D1/D, = 7.8/3.0) b) Parallelepiped model A/B =
5.9/2.9 = 2.0 c) Circular cylinder model
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Figure 4.13. 12 Per cent (tfa),-A6K in 0.1 M NaOH for varying models a) Elliptical
cylinder model R1/R,=4.3/1.6= 2.7 (D1/D, = 8.6/3.2) b) Parallelepiped model
A/B=6.6/3.0 = 2.2 c) Circular cylinder model
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Figure 4.14. 8 Per cent (tfa),-A6K in 0.2 M NaOH for varying models a) Elliptical cylinder
model b) Elliptical cylinder model but with a different initial value for R,
R1/R; = 40.0/1.5= 26.7 (D1/D; = 80.0/3.0) c) Parallelepiped model A/B = 21.0/2.6 = 8.1

d) Circular cylinder model

As a summary, Table of 4.7-4.8 provide a brief content of the relevant structures that exist
in the investigated sample for three different mathematical models supplied by SAXS data

here above.

Table 4.7. Summary of the existance of the structures for three models at different NaOH

molarity while the peptide concentration kept constant

% [(tfa),-A6K] | [NaOH] | Fitted Model oot | NaOH]
(M) A6K] Fitted Model
(M)
14% 0.01 Elliptical Cyl.
14% 0.1 Elliptical Cyl. 12% 0.1 Elliptical Cyl.
14% 0.2 Circular Cyl. 12% 0.2 Elliptical Cyl.
14% 0.5 Elliptical Cyl. 12% 0.5 Elliptical Cyl.
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Table 4.8. Summary of the existance of the structures for three models at different peptide

concentration while [NaOH] kept constant

% [(tfa).- | [NaOH](M) | Fitted Model | %[(tfa),- )
[NaOH](M) | Fitted Model
A6K] A6K]
8% 0.1 None of them 6% 0.2 Elliptical Cyl.
10% 0.1 None of them 8% 0.2 Elliptical Cyl.
12% 0.1 Elliptical Cyl. 10% 0.2 Elliptical Cyl.
14% 0.1 Elliptical Cyl. 14% 0.2 Circular Cyl.

As a conclusion, most of the formed structures in the solutions at altering pH values are
cylinder with elliptical cross-section. At low peptide concentrations and relatively low
NaOH concentrations (8 per cent-10 per cent in 0.1 M NaOH), none of these three models
seem suitable. One of the strong reason is, the alignment of the self-assembled formation
has not coexist yet, while there possibly are some small fragments. This is supported by
increasing concentration (12 per cent -14 per cent in 0.1 M NaOH) results with the
formation of elliptical cylinder. It seemed the solution was still dynamic, where self-

assembly still takes place.

As long as the concentration of the peptide increases at constant NaOH of 0.2 M, the
elliptical cylinder model is compatible up to around 10 per cent. When the concentration is
14 per cent, the structure stays as a cylinder but rolls up into a circular cross-section. One
possible suggestion is that the system is still dynamic, the upcoming associations or
structures may come closer and roll the present structures of elliptical dimension into a

circular shape.

Moreover, majority of the formed structures for 12 per cent and 14 per cent at changing
NaOH concentrations are cylinder with elliptical cross-section. Remembering for 12 per
cent, apart from 0.01 M NaOH, all the samples are turbid, the samples seems to be more

consistent for a relatively extended pH range to stay elliptical cylinder.
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4.2.3. Extended Phase Diagram

Here, to understand more about peptide self-assembly, particulary amyloid Beta peptides,
A6K was a model peptide to function the self-assembly since the similarity of forming [3-
sheets. Former research revealed that A6K undergo to self-assemble into nanotubes in D,O
[58]. Unexpectedly, these small peptides role distinctive comparing to the other small
peptides especially longer amyloid peptides that generally tend to organized into fibers.
Neverthless, A6K is not the only peptides who forms nanotubes, but the first one that was
imaged by cryo-TEM for these kinds of systems by Bucak et al. The results introduced that
the salt, (tfa),-A6K is totally soluble in water at low concentrations (¢ < 12 per cent, where
¢ is the volume fraction). The solution seems transparent and occurs an isotropic phase.
Above the ‘cac’ (>12 per cent), the aqueous solution of the peptide (tfa),-A6K transfers to
the nematic phase with a dramatic change of turbidity and a spontaneous association of the
nanotubes exist that was confirmed with the images of cryo-TEM and the results of SAXS
represented in Figure 4.15. The ossilations of the SAXS pattern indicate the forming
structures of nanotubes when the concentration exceeds 12 per cent for the values of g in
between 0.1- 1 nm™ [3].

Figure 4.15. Imaging data of (tfa),-A6K a) Cryo-TEM images of (tfa),-A6K b) SAXS data
for ¢=0.15-0.25 of (tfa),-A6K [3]

Additionally, one estimates the formation of nanotubes in water of this salt, (tfa),-A6K
coexists through the formation of antiparallel -sheets that was confirmed by FTIR spectra

represented in Figure 4.16 [57]. Since the formation of hydrogen bonding is one of the
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major driving forces of self-assembling of nanostructures, they examined Amide | band of
the FTIR spectra. The characteristic band of the solution for increasing concentration up to
13 per cent suggests the presence of unassociatied peptides (broad peak at 1648 cm™) and
TFA salt (peak at 1672 cm™). When the concentration increases to 17 per cent, the
formation of a new strand observed (1634 cm ™) confirming the presence of antiparallel B-

sheets.
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Figure 4.16. FTIR spectra of for (tfa),-A6K a) Concentration gradient (1 per cent-17 per
cent) b) Lowest and highest levels of amount of (tfa),-A6K [57]

Taking the former research further, the study was planned to develop in the scope of how
the peptide self-assembles at different conditions. Namely, how their solubility and the
forming structures in water vary while changing the pH by adding the strong base NaOH,

which changes the charge of the peptide.

In this study,for investigation of the influence of pH on the self-assembly of A6K, NaOH
was again occupied and at this time it was added to a certain concentration of peptide (wi)
in specified ratios to meet the desired [NaOH]/[A6K], further represented as x. For
instance, at a ratio of x = 1 it was assumed that one acidic group was deprotonated. So the
ratio approach was choosen instead of adjusting the pH to a certain value. Also, having a
consistent notation, all the concentrations of A6K and pH values from SAXS data at
previous section were converted to x ratio, other name [NaOH]/ [A6K].

The previous studies have already supplied the peptide has a ‘cac’ around 12 per cent in
water. When the NaOH was occupied to change the pH, it was expected to have lower

‘cac’. The turbidity appears to exist at wi=0.09 and increase up to wi=0.13 for x=0.2 based
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on to the visual observation. So, depending on this observation ‘cac’ was expected to
obtain around wi=0.07-0.09. DLS experiments of the study [78] were performed to
determine the exact ‘cac’ value and the plot of the count rate against mass ratio is
represented in Figure 4.17. However, the plot revealed just one point with a higher count
rate indicating there is an aggregation (wi=0.09) makes it difficult to determine the exact
‘cac’. But still, it is estimated that the ‘cac’ is between 0.07-0.09 for x=0.2.

Additionally, FTIR results of the same study for the concentrations wi=0.09, x=0.2 and
wi=0.11 and wi=0.16 exhibit information of nanotubes. This data supports the previous
findings for peptide in pure water. For x=0.2 it seems that there still are some nanotubes in
the sample. Additionally, for the sample wi=0.07 at x=0.5 appears anisotropic, slightly
turbid and had low viscosity. Anisotropy of the sample hardly allows the measurement of
DLS to determine the ‘cac’ for this x ratio. So the plot of the intensity values of SAXS
measurements versus to mass ratio revealed the ‘cac’ to be between wi=0.07-0.09 for
x=0.5 (Figure 4.17).

Averaged Normalized Countrate (kHz)

1 1 1
0.01 0.1 0.01 0.1

Mass ratio (-) Mass ratio (-)

Figure 4.17. Estimation of ‘cac’ for x=0.2 and x=0.5 for different mass ratio (wi) a)The
plot of DLS measurement, x=0.2 b) Start intensity, obtained by SAXS measurement, x=0.5
[78]

The initial slope of the SAXS result for the increasing concentration of x=0.5 (wi=0.11)
indicated one-dimensional structure such as fibrils. In addition, FTIR spectras for x=0.5
wi=0.10 and wi=0.14 revealed an appereance of a peak at 1625 cm™ that suggests a
formation of another structure. In the sample wi=0.125 with x=1, this peak is followed

more dominant showed in Figure 4.18 and the peak around 1640 cm™ is dissapeared. It is
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known by the theory and as mentioned former research, peak around 1640 cm™ indicates
the curved antiparallel B-sheets which is a sign of the formation of nanotubes but also for
fibrils. On the other hand, another model peptide of A6D self-assemled into fibrils
coexisting with plates [79]. Based on this, similar assumption is possible and self-assembly

of sheets presumably present in the sample for the peak of 1625 cm™.

Since in the sample wi=0.125 with x = 1, the peak at 1640 cm™ is completely dissapeared

it is possible to expect all peptides in this sample to self-assemble into sheets.

Absorbance units ()

Wavenumber (em™)

Figure 4.18. FTIR spectra of wi = 0.16 A6K in pure water (black squares) and wi = 0.125
with x=1 (red circles) [78]

Combating all the relevant data collected from SAXS, FTIR, pH measurements, turbidty of
visual observations and and DLS, cryo-TEM results of the submitted report [78], the
extended phase diagram was occurred showed in Figure 4.19.

In this partial phase diagram five different phases can be distinguished. Basically the
regions are named: Clear, precipitation, nematic nanotubes, thin sheets or ellyptical
cylinders and hydrolysis. The parabolic lines are estimations of the phase transition
boundries. Characterization of the samples resulted in this phase diagram, especially
focused on the region below the iso-electric point (x = 2).

Most likely, precipitation phase coexists for all of the concentrations of peptide followed
by hydrolysis for the increasing ratio (x values). Since the peptide has charge (+1.5) at low
pH and negatively (-1) at high pH values, the study has been focused on below x=2 which

is around the iso-electric point.
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Moreover, the region of blue curve denotes ‘precipitation’ phase. After increasing x=1
precipitation starts to exist and almost all the samples between x=1 and x=2 showed
precipitation which is around iso-electric point. At this point, just one nitrogen group is
deprotonated. As a consequence of increasing pH by the addition of NaOH and
deprotonation of amino groups, presumably weakened the salt-bridges and even
completely disrupted them. Thus, disturbed nanotubes in the form of small tape-like or
sheet like structures and fragments of aggregated peptide precipitate in the samples.

Known from the theory and literature the rate of hydrolysis increases for peptides at high
pH [80-82], which is consistent with the observations. High x ratios especially above x=5,
‘hydrolysis’ is shown on the phase diagram.

In addition, all the data of SAXS and visual observations described in the previous section

were inserted to the phase diagram of extended version including all the collected data.

»
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Figure 4.19. Phase Diagram of (tfa),-A6K [The region below red-line and dotes with red
squares are ‘Clear’ phase, region below light blue parabolic curve is ‘Precipitation’ phase, the
region between purple and yellow line is ‘Thin Sheets, Elliptical Cylinders’, the region below yello
line is ‘Nematic ‘phase with nanotubes, and the region above the dark blue curve is ‘Hydrolysis’.

The region between light and dark blue curves is unknown yet]
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4.3. INVESTIGATION OF (Cl)2-AsK

4.3.1. Physical Properties

Additionally, effect of counter-ion of the peptide on the self-organization process was
investigated using a different counter-ion. Therefore, (Cl),-AsK was choosen and prepared
in D,0 at different concentrations.The physical features of the solutions are listed in Table
4.9.

Table 4.9. Prepared samples at various concentrations at D,0 for (Cl),-A6K

Solvent Sample (Cl),-A6K pH Turbidity
D,O 10 % (CI),-A6K 2.50 Slightly
D,O 12 % A6K (Cl),-A6K 2.21 Slightly
D,O 14 % ABK (Cl),-A6K 2.03 Slightly
D,0O 16 % A6K (Cl),-A6K 1.79 Turbid

As it was expected, pH of the (CI),-A6K solutions exhibited acidic character in D,0.
Altering counter-ion of the peptide did not bring out a significant shift for the strength of
the acidity of the media owing to similar electrostatic forces. Still, the turbidty of 10 per
cent-14 per cent (tfa),-A6K in H,O appears less turbid relatively compared to the same
concentration of samples for (Cl),-A6K in D,0.

Comparison of the (Cl),-A6K in D,O for varying concentrations are demonstrated in Figure
4.20.
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Figure 4.20. Image of (Cl),-A6K for varying concentration in D,O

It is clearly seen that turbidity of the solutions increases as the concentrations rise.
Presumably, the formation of self-assembled fragments or structures coexists in the
samples around or somewehere below the concentration of 12 per cent by visual
observation and the solution seems anisotropic. On the other hand, partial phase map of the
solution of (tfa),-A6K revealed a spontaneous organization of the nematic phase. Here, the
appearance of the system seems barely different which is supported with the data of SAXS
for (Cl),-A6K at the next section. It exerts a possibility of formation for the elliptical
cylinder rather than an exact hallow nanotubes resulted for (tfa),-A6K. The model fit of
elliptical cylinder was not sufficient enough for the best description, however it is clear

that the hallow nanotubes do not persist in the presence of CI” counter-ions.

4.3.2. Self Assembly Behaviour by SAXS Experiments

This salt form of the peptide was also examined by SAXS technique to understand more
about the effect of counter-ion. Prepared solutions (14 per cent-16 per cent (Cl),-A6K)
were analysed with the same instrumental set up described in section 4.2.2. The relevant
data are listed in Table 4.10. As it can be clearly seen from the Figures 4.21— 4.22, none of
the models applied are suited to describe the experimental scattering curves. First, the
oscillations at low g values could not be reproduced with one of the models. Second, the
shoulder at around q = 1 nm™ could not be reproduced with the model fits. Third, the initial

slope of the experimental data is bigger than the slope of the models. Here, it turns out, that
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the circular cylinder is the worst fit because its slope is much smaller than the slope of the
experimental scattering curve and also smaller than the slope of the other two models. The
reason for this behaviour is that a second cross section size parameter can be fitted to the

experimental data with the brick stone or the elliptical cylinder.

This can also be applied to the model fits which were performed with 16 per cent (Cl),-
A6K in D,0.
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Figure 4.21.
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14 Per cent (Cl),-AsK in D,O for varying models a) Elliptical cylinder model

b) Parallelepiped model c) Circular cylinder model
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Figure 4.22. 16 Per cent (Cl),-AsK in D,0 for varying models a) Elliptical cylinder model

b) Parallelepiped model c) Circular cylinder model

As a consequence, the estimation was performed with modeling for three varying
structures. Among these models cylinder with elliptical cross-section appears to have
relatively better description. On the other hand, the difference of the slopes for both

experimental and model curves and the values for low q values complicates this approach.

Furthermore, there are slight oscillations around g=10" value for experimental data (blue

curves). It is possible to say that it is one of the indications of self-assembled nanotube
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formation. Presumably, the sample contains bimodel structures or the formation of the

nanotube was still in progress.

4.4. SUMMARY OF (CI),-A6K IN D20 AND (TFA),-A6K AT VARYING NAOH
SOLUTION

Here, all the related dimensions of self-assembled structures obtained SAXS calculations
are summed up. The cross section diameters and the cross section edge lengths are listed in
Table 4.10.

Table 4.10. The cross section diameters and the cross section edge lengths

C(A6K) / c(NaOH) / Elliptical cylinder | Parallelepiped
wt-% mol/L PH D1/D2 ( = ratio) A/B ( = ratio)

14 (A6K-CI) D0 2.03 - -
16 (A6K-CI) D,O 1.79 - -
16 0.01 1.97 - -
14 0.01 2.55 - -

14 0.10 3.34 | 10.028(=36) | 6.6/2.6(=25)

14 0.20 5.2 8.2/3.4 (=2.4) 6.3/4.3 (= 1.5)

14 0.50 11.8 | 17.028(=6.1) | 8.7/2.6(=3.3)

12 0.50 12.19 | 9.0/2.6 (= 3.5) 7.8/2.4 (=3.3)

12 0.20 5.7 7.8/3.0 (= 2.6) 5.9/2.9 (=2.0)

12 0.10 3.60 8.6/3.2 (= 2.7) 6.6/3.0 (= 2.2)

10 0.20 6.83 8.6/3.4 (= 2.5) 6.6/3.2 (=2.1)

10 0.10 3.88 8.2/3.6 (=2.3) 6.5/3.5 (=1.9)

8 0.20 8.75 | 40.0/15(=26.7) | 21.0/26(=8.1)

8 0.10 4.07 8.0/4.6 (= 3.4) 6.6/4.3 (= 1.5)

6 0.20 116 | 17.0/26(=6.5) | 15.1/2.4(=6.3)

When the peptide concentration is constant, increasing pH, namely NaOH concentration,

generally reveals higher ratio of diameters of the structures. This is an evidence of the
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cross-section is more elliptical or extended at higher pH’s while the curvature appears

more round shape for lower ones.

As a summary, the model peptide A6K revealed some significant self-assembled
structures. The formation of nanotubes in aqueous solution for non-endcapped A6K
exhibits hallow tubular self-assembled structures with a circular cross-section was the
starting point of the investigation. The results exposed self-assembling of model peptide
A6K was very much pH-dependent. Varying conditions were analysed and as long as the
pH increases the turbidty starts to appear lower concentrations. The exact ‘cac’ values have
obtained at smaller mass ratio (wi). This was also confirmed by the visual observations

followed by the change of turbidty.

Furthermore, the major structures obtained by SAXS data were cylinder with elliptical
cross-section for wi=0.08-0.14 at the range x=0.002-0.5 (namely, 0.01M NaOH-1M NaOH
for varying peptide concentrations or mass ratio). Persumably, other structures contain

sheets, tapes or one-dimensional fibrils coexist in this range since the system is dynamic.

Increasing x ratio (>1) for the mass ratio, till x=2 (iso-electric point) around wi=0.02-0.14,
firstly results precipitation confirmed also by visual observation in the form of amorphous
aggregates. When x ratio dramatically change above (x>5) hydrolysis appears also
confirmed with the literature [80-82].

Upon changing the pH, the charge of the peptides decreases and finally changes the

sctructures in the system or distrup the formed ones in aqueous media.
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5. APPLICATION OF PEPTIDE A10K

In order to employ these peptides in biotechnology, the applications of peptides for cell

culture were explored in this section.

Basically, this chapter describes a potential biotechnological approach for peptide A10K.
So far, A6K peptide were analyzed in detailed described in the pervious chapter and
throughout the journals published by Bucak et al [3]. The study was planned to enlarged
for the field of biotechnology since the peptides have the potential features on biological
organisms and living cells. Therefore, the study was planned to focus on our studied
peptide with a little difference. A10K was planned to utilize in the current study for the
application of biotechnology. Bearing in mind A10K has longer Alanine residues which
allows the peptide become more hydrophobic feature [1], the required amount of the
peptide would have been less self-assemble, i.e. low ‘cac’ compared to A6K. The self-
assembly structures formed by A10K was extensively studied by Bucak [1, 3, 58].
Therefore the advantage of studying of low concentrations of peptide was considered. For
this purpose, cytotoxicity and wound healing performance of the peptide A10K for
different cell-lines were investigated.

Before the experimental investigation of wound for A10K, it is better to look in detail what
wound and its features are. Wound healing is the dynamic process which describes the
recovery of the cells when part of the tissues in the body or in the organism, or the skin is
damaged by a trauma [83]. Despite still there is not a proper consensus if the wound
healing process occurs by three or four phases, it is possible to summarize the steps as
inflammatory phase, proliferation phase, and remodeling phase for the process [84]. The
response of the recovery of the wound could be in both ways associated with normal or
pathologic healing. The normal healing process starts at the time when the tissue is injured.
When blood spills over into the region of the injury, the platelets get in touch with exposed
collagen and other components of the extracellular matrix. This contact stimulates the
platelets to secrete clotting factors, substantial growth factors and cytokines like platelet-
derived growth factor (PDGF) and transforming growth factor beta (TGF-B). After this
step, generally called hemostasis, the neutrophils go into the region of the wound and
crucial task of phagocytosis takes a start to remove foreign materials, bacteria and injured
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tissue. As long as this inflammatory phase goes on, the macrophages arise and keep on the
process of phagocytosis by releasing more PDGF and TGFB. When the region of the
wound is refined, fibroblasts migrate in to initiate the proliferative phase and compose
fresh extracellular matrix. The fresh collagen matrix then grows into cross-linked and
aligned along the ultimate remodeling phase. During this highly controlled and efficient
maintenance and repearing process, a great number of cell-signaling events are required
and performed. Additionally, the recovery of the wound in pathologic conditions like non-
healing pressure ulcers, this efficient and organized process dissapears and the ulcers are
locked into a condition of chronic inflammation characterized by numerousneutrophil
infiltration with related reactive oxygen species and disruptive enzymes. Healing continues
once after the inflammation is managed [85, 86].

The events that occur during the healing of a normal wound process are represented in
Table 5.1.

Table 5.1. The events that take place during normal wound healing phases [87]

Phase Cellular and Bio-physiology Events

1. Vascular Constriction

Hemostasis
2. Platelet aggregation, degranulation and fibrin formation

(thrombus)
1.Neutrofil infiltration

Inflammation 2.Monocyte infiltration and differantiation to macrophage

3. Lymphocyte infiltration.

Proliferation 1. Re-epithelialization
2. Angiogenesis
3. Collagen synthesis

4. ECM formation
Remodelling 1. Collagen remodelling

2. Vascular maturation and regression
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The scheme of the steps for healing is shown in Figure 5.1.
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Figure 5.1. Summary of Phases for Wound Healing [88]

As long as the wound is one of the major concerns of the biological organism, there have
been extensive studies about this field in the literature. Schneider et al. designed a self-
assembling peptide scaffold by combining Epidermal Growth Factor (EGF) since EGF has

a great potential of proliferation and stimulation for migration of keratinocytes at the
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wound edge. Peptide of 16 amino-acids (RADA16-I, Ac-cRADARADARADARADA-
CONHy) that undergo self-assembly into hydrogels were used in the relevant study. Using
the peptide scaffold significantly increased the rate of wound closure and releasing of EGF

has been increased by using this ionic self-complementary peptides [89].

Another study exhibits potential results for wound healing and infectious diseases by
employing host defense peptides, also called antimicrobial peptides. Host defense peptides
are classified into four categories such as linear o-helical structure, B-sheet structure
stabilized by characteristic disulfide bridges, peptides with predominance of at least one
amino acid, and loop-structured peptides. Here, B-sheet structure is the one that is similiar
to our designed peptide obtained during self-assembling process. The study exerted
sufficient response of wound healing by using varying host defence peptides with their
multiple functions. They are able to innate immune system as antimicrobial and

immunomodulating agents which are key parameters of wound healing [90].

Another peptide of Innate Defense Regulators (IDRs) that are synthetic
immunomodulatory versions of natural host defense peptides have been used by
Steinststraesser et al to demonstrate wound healing activities. They obtained great results
of the efficacy of IDR-1018 (peptide) in diabetic and non-diabetic wound healing models

since they already reported the peptide to suppress pro-inflammatory feature [90-93].

First the behaviour of A10K in cell-medium will be investigated as constituents of the

medium may affect how A10K self-assembles.

5.1. PHYSICAL PROPERTIES OF PEPTIDE-MEDIUM SOLUTION

It is well-known that medium is the major component of the cell culture through in vitro
studies. Thus, behaviour of A10K was studied in the presence of medium of the cell for

physicochemical properties at the first stage.

So, A10K peptide was prepared at DMEM (high glucose-complete, contains 10 per cent
FBS and 1 per cent PSA) medium for the concentration of 2x10* pg/mL and used for the
determination of Zeta-Potential and pH measurements. Obtained data is presented in Table

5.2 and Table 5.3. The measurement of Zeta-Potential of only medium without peptide is
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represented in Table 5.2 as well. Complete medium describes the medium that contains
FBS protein and antibiotic. Incomplete medium refers to the medium without FBS protein

and antibiotic.

Table 5.2. Zeta-Potential data of 2x10* pg/mL AyK in medium, incomplete medium and

FBS
Sample Z-potential of Z-potential of | Z-potential of Z-
Measurements | 2x10* pg/mL Complete Incomplete potential
Al0K in Medium Medium of FBS
complete (DMEM HG) (DMEM HG) (mV)
medium (mV) (mV)
Measurement 1 4.44 -7.29 -4.93 -5.23
Measurement 2 3.09 -1.72 -2.57 -6.42
Measurement 3 3.37 -7.44 -6.93 -6.18
Mean 3.63+0.712 -7.48 £0.218 -4.81+2.18 -5.94+0.62

It is clearly seen that addition of peptide solution to the medium dramatically changes the
charge of the media from negative to positive. This is expected to cause the cell

membrane’s pores enlarge.

Table 5.3. pH measurements of 2x10*ng/mL A10K in medium, incomplete medium,FBS

Sample pH of 2x10* pH of pH of
Measurements | ng/mL A10K in Complete Incomplete pH of
Complete Medium Medium FBS
Medium (DMEM HG) (DMEM HG)

Measurement 1 6.24 7.28 7.18 7.45
Measurement 2 6.38 7.32 7.22 7.32
Measurement 3 6.30 7.21 7.15 7.38
Mean 6.30 £0.070 7.27 £0.06 7.18+£0.04 7.38+
0.07
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The pH of the commercial medium (incomplete medium) is supplied at pH of 7.0-7.4 that
[94]. According to commercial suppliers the pH of FBS is expected to obtained at 6.5-8.5
[95, 96]. Additionally, the aqueous solution of A10K peptide was expected to have an
acidic character similar to that of A6K. Similarly it was revealed that alanine based
peptides containing lysine residues differentiate the acidic property by the influence on
electrostatic field [97]. Adding the peptide into the medium does not significantly change
the pH of the medium which is one of the important parameters for cells vitality. On the
other hand the net charge of the peptide is around +1 in theory at the pH of 6.30, which is
lower than its net charge at neutral pH. This slight change of pH is also reflected in the zeta
potential measurements where the surface charge changes from slightly negative to slightly
positive upon addition of peptide into the medium. Although small, this pH change may
affect the solubility of the peptide as some small crystals are observed in solution when

peptide is introduced to the medium.

5.2. CYTOTOXICITY OF PEPTIDE A10K FOR VARIOUS CELL LINES

As a first stage of the potential application of biotechnology, the compatibility of cell
survival for the assignment of the peptide should to be considered. There are couples of
techniques to determine cell viability. MTS is one of the major colorimetric techniques to
be utilized and is employed for different cell lines.

5.2.1 Tetrazolium Salt Based Assay (MTS Assay)

During the experimental study HUVEC, Vero, TM3, HaCaT and HDF cells were used for
the determination of cytotoxicity of A10K peptide. All experiments are done in triplicate.
Additionally HaCaT and HDF cells were used for scratch assay to investigate the

promoting or inhibiting effect of peptide for wound healing which is described.

Commercially purchased cells which are previously frozen and kept in liquid nitrogen are
incubated at T75 wells in medium at 37 °C in humidified 5 per cent CO, and 95 per cent air
for the growth for approximately ten days to obtain sufficient amount of cells. For HDF
cells, medium was prepared using 10 per cent FBS, 1 per cent Penicillin-
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Streptomycin/Antimycotic (antibiotic) and phenol red containing DMEM-low glucose
concentration (1g/L) (1X) with pH 7.4, whereas for the other cells DMEM-high glucose

concentration (4.5¢/L) is utilized.

The cells were grown until they reach logarithmic phase growth at the wells. Afterwards
the tetrazolium salt based assay [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-ulfophenyl)-2H-tetrazolium, inner salt (MTS)] was
employed according to the manufacturer’s protocol (CellTiter96®, Promega). MTS is one
of the major colorimetric techniques for assessing cell cytotoxicty. Viable cells receive
MTS into their mitochondria in the presence of phenazinemethosulfate (PMS) and
metabolize it into blue formazan crystals that are then detected by spectrometric
instruments. For evaluation of cell survival by MTS, 5x10° cells were inoculated in 100 pL

of media in each well of a 96-well plate and incubated for 24 h.

On the other hand peptide solution was prepared in 10 per cent H,O contained DMEM
medium (v:v) for the concentration of 2x10* ug/mL. Then serial dilution was performed
for the concentrations of 5000 ug/mL and 1000 pg/mL (v:v). All these samples were
filtered through 0.2 um regenerated cellulose filter and introduced to the cells.

5.2.2. Cell Viability Results of Peptide A10K for Different Cell Lines

A10K peptide was treated with different cell lines to investigate if the peptide is toxic or
non-toxic. HUVEC, Vero, TM3, HDF and HaCaT cells were grown and MTS test (it was
described previously in detail in Section 5.2.1) were performed and the peptide is generally
found to be non-toxic to the all chosen cell lines. Figure 5.2-5.6 demonstrates the relevant
results of MTS test.
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Figure 5.6. A10K viability for HaCaT

TM3 cells showed a great potential for peptide solutions for all concentrations. Unless
increasing concentration exhibits a slight decrease of cell survival, respectively. The
highest concentration of HUVEC and especially Vero indicated smaller cell growth. Even,
20000 pg/mL of Vero revealed to be toxic second and third day. HDF and HaCaT cells
have been demonstrated great potential for proceeding with wound healing studies.

5.3. APPLICATION OF THE PEPTIDE SOLUTION FOR WOUND HEALING

5.3.1. Preparation of Scratch Assay

HaCaT and HDF cells were utilized for performing wound healing process for the effect of
peptide on the scratch. These cells were chosen on purpose. HaCaT is a type of cell that is
immortalized human keratinocytes and is extensively in charge to study epidermal
homeostasis and its pathophysiology. Although transformation of the cells brings a novel
phenotypic features not found in normal cells, HaCaT cell line is extensively employed as
a model for the great potential of easy propagation and having a near phenotype to the
normal cell [98, 99]. Additionally, HDF cells were utilized to investigate the closure of the
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wound. This is a type of fibroblast cells isolated from human foreskin to have the
application as a model of primary cells. However, the limitations of the study of primary
cells and the complication of handling the cells of attachment to the surface, HDF cells
were not keep as the major line to obtain sufficient results. Still, the images of the HDF
cells were submitted at Appendix A.

The HaCaT cells were grown according to the protocol that was previously described at
Section 5.2.1. Afterwards 2x10° cells were seeded to 24-well plates for negative control
and samples for triplicate. The cells were left to incubation overnight to obtain full cell

growth on the surface of each well.

Prior to treat the peptide solutions as a sample to the cells, the peptide was dissolved in
water to prepare a stock solution of 50 mg/mL. Then, calculated amounts of the stock
solution were transferred into a flask in order to obtain 100 pg/mL, 50 pg/mL, 25 ng/mL

and 12, 5 pg/mL concentrations by diluting them with medium.

When sufficient amount of cells were grown in 24-well plates, 1000 uL of a tip is used to
perform the scratch on to the surface of the cells for each well. Later, the medium of the
cells were removed and the cells were washed with using PBS. The prepared peptide
solutions at desired concentrations were treated to the cells as a next step. Closure of the
cells of the wound were monitored to have the comparison between the cells with peptide
solutions and with the ones contain just medium. So, the distance between the scratch was

measured by using light microscopy at certain time intervals (0, 12 and 24 hours).

5.4. RESULTS OF SCRATCH ASSAYS

As mentioned scratch assay was performed for two different cell lines, below is the

relevant data for HaCaT cells.

5.4.1. Utilization of A10K for Scratch Assay by using HaCAT Cells

The healing process of HaCaT cells was investigated according to the distance between the
scratch boundaries. Basically the idea depends on to monitoring cell growth in the area of
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the scratch. Therefore, the gap needs to be covered by cells with respect to time. The

relevant microscopy images of scratches for HaCaT cells are submitted in Figure 5.7.
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Figure 5.7. Light Microscopy images of scratch assay for HaCaT cells
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Figure 5.7. Light Microscopy images of scratch assay for HaCaT cells (continued)

Each scratch belongs to the sample containing peptide in medium (for varying
concentrations) and the one with just medium, namely negative control was also observed.
Prior of the introduction of the cells to the wells, each well has been drawn as three lines at
the bottom side of the plate are drawn to each well. This was done to obtain the identical
location of the scratches each time at different time intervals. Each well has three lines and
all the experiments were performed triplicate which means three wells for each sample.
Thus, “# position’ at the tables refers to the location of the scratch for each well. For
instance if the position is 1-1, this means the first well of the relevant sample at the first

line was considered.

Table 5.4-5.7 shows the changes in the distances of the wound for percentage. Wound

closure for different time intervals were indicated at the table.

Table 5.4. Per cent closure of the wound for 12.5 pg/mL A10K at various time intervals

A(0-12Hour) A(12-24Hour) A(0-24 Hour)

# position| 12.5ug/mL | NC | 12.5pug/mL | NC | 12.5 ug/mL | NC

1-1 2.12 0.73 12.75 2.95 14.60 3.67




1-2 S.77 7.68 4.76 10.97 10.26 17.80
1-3 25.29 2.01 3.72 3.27 28.07 5.21
2-1 9.33 2.85 6.61 1.70 15.32 4.50
2-2 9.79 1.82 8.50 1.36 17.46 3.15
2-3 13.06 2.75 2.12 6.85 14.90 9.42
3-1 3.00 3.65 6.17 2.82 8.98 6.36
3-2 12.34 3.23 3.66 1.67 15.54 4.84
3-3 31.15 6.32 5.84 1.91 35.18 8.11
Mean 1781% | 7.01

Table 5.5. Per cent closure of the wound for 25 ug/mL A10K at various time intervals

A(0-12Hour) A(12-24Hour) A(0-24 Hour)

# position | 25 ng/mL NC 25 pg/mL NC 25 pg/mL NC
1-1 5.11 0.73 4.62 2.95 9.49 3.67
1-2 12.51 7.68 1.50 10.97 13.82 17.80
1-3 3.33 2.01 6.21 3.27 9.33 5.21
2-1 10.76 2.85 2.59 1.70 13.08 4.50
2-2 5.67 1.82 13.54 1.36 18.44 3.15
2-3 22.23 2.75 4.29 6.85 25.56 9.42
3-1 0.00 3.65 9.30 2.82 9.30 6.36
3-2 2.61 3.23 17.45 1.67 19.61 4.84
3-3 7.84 6.32 13.43 1.91 20.22 8.11
Mean 15.43 % 7.01

85
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Table 5.6. Per cent closure of the wound for 50 ng/mL A10K at various time intervals

A(0-12Hour) A(12-24H) A(0-24 Hour)
# position [ 50 ng/mL NC 50 ng/mL NC 50 ng/mL NC
1-1 1.71 0.73 9.56 2.95 11.11 3.67
1-2 4.03 7.68 13.98 10.97 17.45 17.80
1-3 20.86 2.01 27.87 3.27 42.92 5.21
2-1 3.78 2.85 21.56 1.70 24.53 4.50
2-2 N/A 1.82 42.23 1.36 14.58 3.15
2-3 3.70 2.75 5.38 6.85 8.89 9.42
3-1 14.49 3.65 23.73 2.82 34.78 6.36
3-2 18.46 3.23 30.86 1.67 43.62 4.84
3-3 16.55 6.32 5.40 1.91 21.06 8.11
Mean 24.33% | 7.01 %

Table 5.7. Per cent closure of the wound for 100 ug/mL A10K at various time intervals

A(0-12 Hour) A(12-24 Hour) A(0-24 Hour)
#position | 100 pg/mL NC 100 ng/mL NC 100 ng/mL NC
1-1 17.11 0.73 28.55 2.95 40.78 3.67
1-2 8.95 7.68 4.45 10.97 13.00 17.80
1-3 12.90 2.01 12.95 327 24.19 5.21
2-1 14.29 2.85 2.60 170 16.52 4.50
2-2 11.41 1.82 25.75 136 34.22 3.15
2-3 3.25 2.75 8.72 6.85 11.69 9.42
3-1 7.84 3.65 4,71 2.82 12.18 6.36
3-2 2.08 3.23 4.72 1.67 6.70 4.84
3-3 28.41 6.32 11.89 1.91 36.92 8.11
Mean 21.80% | 7.01 %
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It is clearly seen that scratch has covered up better for the wells that contain peptide
solutions compared to the negative control. The concentration of 50 pg/mL has revealed
greater closure relatively to the others. One aspect could be a possible promotion of one of
the receptors at the signaling pathways that regulates a protein synthesis for cells growth.
Since some small peptides has this ability. Tang showed that, 11 amino acids residues
Tiger 17 peptide (WCKPKPKPRCH) stimulates mitogen-activated protein Kkinase
(MAPK). MAPK is a class of protein kinase that corresponds to signal the surface of the
receptor and nucleus of the DNA [100, 101]. MAPKs have been indicated a significant
promoting task in wound healing. Tiger17’s revealed an effect on MAPK signaling
pathways and were assayed in macrophage cells by using Western immunoblot analysis.
Results of western blot analysis exhibited that Tigerl7 significantly increased the
activation of c-Jun N-terminal kinase (JNK) and extracellularly-responsive kinase (ERK)
sub-group of MAPK signaling pathway and appeared to be a concentration-dependent
manner [102].

5.4.2. Utilization of A10K for Scratch Assay by using HDF Cells

The same approach of wound assays were also performed for HDF cells. As it was
previously demonstrated in Materials and Methods section, HDF cells were primer cell
lines that were isolated from actual human foreskin. Although primer cell lines have
remarkable features for in vitro studies, there are some handling complications of this cells
relatively immortal cell lines. It is known that primer cell lines should have low passage
numbers for not loosing the characteristic of cell morphology. Also a great care should be

taken into account that these cells which are relatively fragile.

In the current study, utilizing HDF cells for scratch were for determining the accurate
distance of the wound side. Eventually, the cells revelaed some peels to the medium and
difficulty attached to the surface of the wells after scratch during the experiment. All the
relevant results are submitted in Appendix A.

As a conclusion, HaCaT cells revealed great potential for A10K peptide for the activity of

wound healing and the convinient cell line to perform the study.
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6. RESULTS AND DISCUSSION

It is possible to conclude that the physicochemical features of peptides bring an increasing
attention to previous research of biotechnology. Outcomes of the improvements of
nanotechnolgy and developments of imaging techniques at nano or micro scales supply

promising data for various applications.

It is known that the molecules having regions both hydrophobic and separate hydyrophilic
part tend to self-assemble in aqueous medium and form basic structures such as micelles,
tubes or fibrils. This is mostly due to the effect of hydrophobicity. The theory behind that
is the nonpolar region which drives away from water and has a tendency to get closer to
the nonpolar side. Mostly the small assemblies once form that follow extensive associated
structures. Hence, the shape of the formed supramolecular structures and their dimensions
are strongly related with the factors such as geometry of the polar and nonpolar groups and
shape of the each molecule [39, 103, 104].

Some of the strong reasons of increasing attention of investigation of self-assembly for
peptides are generation of well-defined structures, relatively simple functionalization,
having fast synthesis processes and ability of biometabolism [104-106]. So, peptides have
been utilized by scientists to consider great potential. It was recognized that sufficient
amount of work was reported for oligopeptides or small peptide molecules that are end-
capped, assemble to form nanotemplates [2, 34, 39, 41, 52, 107, 108]. On the other hand,
to the best of our knowledge, there is a lack of study for non-capped small peptide
molecules. Here, the investigated model peptides are non-capped to consider the variation
of intramolecular interactions that likely affect the forming structures. One of the first
studies was reported by Bucak that synthetic A6K self-assembles into long nanotubes with

a cross-sectional radius of 26 nm for a certain size in great detail supported by cryo-TEM

[3].

In the current study, the model peptide A6K provides novel data considering how if the
peptide is investigated at varying pH through addition of NaOH and at different counter-
ion forms of the peptide.
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Firstly, (tfa),-AsK was considered in H,O since the previous findings revealed [3] above
12 per cent cac, the solution transfers into nematic phase that is shown at Figure 6.1. It was
expected to have higher ‘cac’ values of peptide in H,O due to the greater polar interactions
of D,O. In comparison of two systems, the same concentration of 10 per cent is likely
turbid. 12 per cent of the one in H,O signs increasing turbidity presumably having
assembled fragments for transition of nematic phase, it still provides slightly molecularly

disperse solution.
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Figure 6.1.Physical features of (tfa),-AsK in H,O a) Turbidity of (tfa),-AsK in H,O
b) Turbidity and birefringency of (tfa),-AsK in D,O [3]

Additionally, extended partial phase diagram of (tfa),-AsK were grouped five different
phases and the regions are classified, clear, precipitation, nematic nanotubes, thin sheets or
ellyptical cylinders and hydrolysis. Mostly, the peptides started to form secondary
structures of B-sheets for the mass fractions of, wi, around 0.08 while x is around 0.2. It is
observed that when the wi increases, structures starts to appear at lower x values. To
confirm the observations with the experimental results of SAXS, elliptical cylinder was
obtained the most convenient model for self-assembled structures.

In the point of cell study, it was seen that peptides were non-toxic the cell lines (HaCaT
and HDF) for low concentrations such as 12.5 pg/mL and 1000 pg/mL. The cells were
considered non-toxic if the viability is greater than 90 per cent and if the viability is 80 per
cent, then the cells were considered 20 per cent toxic [109, 110]. Vero which is one of the
studied cells responds less compatable cell line relatively to the others for the peptide in

observation above given statement. Although 20000 pg/mL concentrations for Vero
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revealed toxic for the peptide. HUVEC revealed 40 per cent-80 per cent cell viability for
the first day for concentrations 20000 pug/mL-5000 ug/mL. Also, TM3 cells were 20 per
cent toxic for 20000 pug/mL for third day. In the point of toxicity, there are sufficient
amount of studies for peptides exhibits antimicrobial effect for some cell lines [111-114].
Vaucher et al. investigated P34 peptide and nisin for different eukaryotic cells for varying
concentrations (0.02-2.5 pg-ml %) [115].The obtained EC50 value was 0.60 and 1.25
ng-ml* for P34 while it was 0.50 and 1.04 pg-ml * for nisin.

HDF and HaCaT, which two of these cells are quite convenient for cell survival to apply
wound study. One aspect for HaCaT is its ability of expressing all epidermal differention
markers in the tissue [116]. Thus, the role of those cells for wound healing has a great
potential. HDF cells which used in the current study have some complications to handle for
the wound study since the cells tend to peell on the surface of the well. These cells were
primer cells that were isolated from a human foreskin. Regardless the images of

preliminary studies of HDF were submitted in Appendix A.

HaCaT cells respond a great potential for healing of scratch relatively control cells.
Depending on to the concentration, closure of the wound was obtained between 25 per
cent-15 per cent for the cells contain A10K in 24 hours while it was 7 per cent for the cells
healed in control medium. In the point of peptide level in the medium, 50 pg/mL was
obtained greater potential for the closure of the gap in the wound relatively to the other
samples. In the literature, peptides or materials modified with using peptides are revealed
to promote wound healing [102, 117, 118]. Thus, this is expectable and compatable for the
approach of biotechnology. The relevant wound closure is submitted in Appendix A for
HaCaT. It is possible to follow the migration of the cells towards the scratch during the

increasing time.

As a future study the peptides, A6K or A10K, can be utilized to prepare a wound healing
formulation to increase the efficiency. Also for the tissues or injuries that needs a rapid

threatment; the peptide can be explored as a potential candidate for wound healing.
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APPENDIX A: LIGHT MICROSCOPY IMAGES OF HaCaT AND HDF CELLS

Table A.1. Preliminary light microscopy images of scratch assay for HaCaT cells (Higher
peptide concentration)

0 Hour 12 Hour 24 Hour
NC
1008 pm
NC-H,O
Peptide
(0.5% or
5000
/mL
ng/mL) ' 1411 pm 1035 pm




Table A.2. Preliminary light microscopy images of scratch assay for HDF cells
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