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ABSTRACT

INVESTIGATION OF THE EFFECTS
OF SUPRAMOLECULAR STRUCTURES OF

CATIONIC PEPTIDES ON ANTIBACTERIAL ACTIVITY

Mustafa Beter
MSc in Materials Science and Nanotechnology
Supervisor: Ayse Begiim Tekinay

May, 2017

Many organisms including mammalians use Antimicrobial Peptides (AMPs) which are also called
Host Defense Peptides against microbial organisms. AMPs are among one of the ancient and
successful strategies for both plant and animal kingdoms.

Even though AMPs vary among closely related species and despite they have different sequences,
many of the natural AMPs share similar properties. They are mostly short sequenced, structurally
amphipathic and they carry overall net positive charge.

Cationic AMPs target bacterial membranes because of the electrostatic attractions between
positively charged peptides and negatively charged membranes. Due to the electrostatic
attractions, cationic AMPs might work on membrane disruption by passing a certain threshold
concentration for hydrophobic groups to penetrate into membrane.

Noncovalent interactions and electrostatic interactions can create molecular attractions and may
cause molecular self-assembly which is a common mechanism used by nature for several tasks.

Self-assembling peptide amphiphiles are a group of molecules which can form nanofibrous



structures and may contain bioactive epitopes depending on the target of the peptide amphiphile
molecule.

This thesis describes the presentation of antimicrobial sequences on supramolecular nanofibers
which are formed by self-assembling peptides. The comparison of self-assembling peptides and
single soluble peptides without self-assembling capacity, resulting significant improvement for

peptide nanofiber systems for antimicrobial therapeutic purposes is reported.

Keywords: Antimicrobial Peptides, Peptide Nanofibers, Self-Assembling Peptide Amphiphiles,

Supramolecular Nanostructures, Multivalent Presentation



OZET

KATYONIK PEPTITLER VE
SUPRAMOLEKULER NANOYAPILARININ

ANTIMIKROBIYAL AMACLA KULLANILMASI

Mustafa Beter
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans

Tez Danigmani: Ayse Begiim Tekinay

May, 2017

Memeli canlilar da dahil bir¢ok organizma, “Antimikrobiyal Peptitleri” diger adiyla “Konak
Savunma Peptitlerini” kullanirlar. Antimikrobiyal peptitler, hem bitkiler hem de hayvanlar
aleminde uzun evrimsel siire¢lerden gegerek basarili olmus savunma stratejilerinden biridir.
Antimikrobiyal peptitler yakin tiirler arasinda bile farklilik gostermelerine ve farkli amino asit
sekanslaria sahip olmalara karsin, ¢ogunlukla kisa amino asit sekansli olmak, yapisal olarak
amfipatik 6zellikte olmak ve net pozitif yiik tasimak gibi benzer 6zellikler gosterirler.

Bakteri membranini hedef alan antimikrobiyal peptitler, peptidin tasidig1 pozitif yiik ile bakteri
membraninin negatif yiikii arasindaki elektrostatik etkilesim sebebiyle hedef alma islevlerini
yerine getirirler. Elektrostatik etkilesimin ardindan, antimikrobiyal peptitler belli bir esik
konsantrasyonunu asip, hidrofobik gruplarin bakteri membranindan igeri penetre etmesini

saglayabilirler.



Kovalent olmayan etkilesimler ve elektrostatik etkilesimler, molekiiler ¢ekim olusturarak
kendiliginden bir araya gelmeyi saglar. Bu mekanizma dogada birgok islevi yerine getirmek i¢in
kullanilmaktadir. Bu mekanizmaya ornek olan kendiliginden bir araya gelen peptit amfifiller,
nanofiber yapilar olusturabilen ve hedef molekiile uygun biyoaktif sekanslar igerebilen bir peptit
grubudur.

Bu tez antimikrobiyal sekanslarin, kendiliginden bir araya gelen peptit amfifillerin olusturdugu
supramolekiiler nanofiber yapilar {izerinde sunumunu tanimlar. Kendiliginden bir araya gelebilen
peptit amfifil grup ile kendiliginden bir araya gelebilme 6zelligi tasimayan peptitlerin arasinda
yapilan karsilastirma ve peptit nanofiber sistemin antimikrobiyal Ozellikleri arttirmasinin alti

cizilmektedir.

Anahtar kelimeler: Antimikrobiyal Peptit, Peptit Nanofiber, Kendiliginden Bir Araya Gelen

Peptit Amfifiller, Supramolekiiler Nanoyapilar, Cok Valansli Sunum
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Investigation of the effects of supramolecular structures of cationic peptides

on antibacterial activity

This work is partially described in the following publication:

Mustafa Beter *, ¥, Hatice Kubra Kara *, ¥, Ahmet Emin Topal *, ¥, Aykutlu
Dana*, ¥, §, Mustafa O. Guler *, 1, §, Ayse B. Tekinay *, §, §

(Manuscript under Submission)

1. Objective

Bacteria can be intrinsically resistant or can acquire resistance to antibiotics and this is
becoming one of the biggest health problems. Bacteria can resist antibiotics in different
ways. For example: they can efficiently remove antibiotics by efflux proteins, prevent
antibiotics to cross the outer membrane, change the structure of the target or modify the
drug directly. Organisms which fight against bacteria for survival, have several defense
strategies against them. Protection by Antimicrobial Peptides is one of these methods. In
this work, we designed and synthesized a peptide amphiphile molecule with a potential
antimicrobial sequence and its single subunit counterpart and we analyzed the difference
between the antibacterial efficiency of supramolecular structure and the single soluble
subunit. We first, characterized the peptides, and showed differences in the secondary
structures and supramolecular structures. Peptide amphiphile molecules create nanofiber
networks by self-assembling and this trait is used for multivalent presentation of
antibacterial sequence against bacteria. Following the characterizations, we evaluated the

inhibitory concentrations and capacity of peptides to kill both gram positive and gram



negative bacteria. Our results suggest that multivalent presentation of antimicrobial
sequences by self-assembled nanofibrious structures could be beneficial for using against
bacteria for preventing drug resistance. This work demonstrates for the first time that the
antibacterial activity of KKKGRW sequence is improved when self-assembled into

supramolecular nanofibrious structure.



2. Introduction: Multivalent Presentation of Antimicrobial Peptides

2.1. Antibiotic Resistance of Bacteria

In the last century people have been using antibiotics to cure illnesses in humans and food
producing animals. However, partly because of the misuse, resistance among bacteria is
now causing the antibiotics either working inefficiently or not working at all. This is a
very serious problem, because new ways of antibiotic drugs are not developed as fast as

we expected. Figure 1 shows the “discovery void” of antibiotic drugs®.

Reports of World Health Organization suggest improving hygiene, sanitation, access to
clean water and vaccination, while development of new treatment ways are continuing.
Especially for gram negative enteric bacteria, this “void” is causing serious health
problems. For example, recently E. coli resistance to third generation cephalosporins has
been reported?. Even though human intestine is the natural environment for this bacteria,
it is a common causative pathogen for nosocomial urinary tract infections and foodborne

diseases.

Bacteria can be either intrinsically resistant or can acquire resistance to antibiotic drugs.
There are different ways through which bacteria can resist a certain drug. In order for an
antibiotic to work, it needs to be in a certain concentration in the environment. Drug
release studies are based on this knowledge and it is an important part of drug research to
give enough amount of doses to the target, while not causing cytotoxicity for other parts
of the body. However, bacteria evolved ways of resistance. For instance, bacteria can
control influx and efflux of antibiotics by preventing or decreasing drug entrance to keep

the drug levels lower than the working concentration (Figure 2).
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As an intrinsic bacterial resistance mechanism, efflux pumps can pump the drug out
efficiently for both gram positive and gram negative bacteria. In addition, bacteria may
have multidrug resistance efflux pumps, which can pump many different molecular
structured antibiotic drugs*®. Another way of bacterial resistance is by changing the drug
target molecule. Generally, antibiotic drugs bind to bacterial targets with high affinity and
by doing that they prevent binding of other molecules which are necessary for bacterial
survival, and therefore, cause death of bacteria. However, some mutations may cause
slight structural changes which does not affect the metabolic pathway of bacteria but lower
the affinity of antibiotics to the target’. Another way of doing this is using other molecules
to protect target structures. For example, in order to protect the lipopolysaccharide targets
on the membrane, bacteria add phosphoethanolamine to its membrane structure, and

prevent targeting by protecting the target site®.
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Figure 3 Antibiotic inhibition of bacteria®. a) A host with vulnerable target protein
inhibited by antibiotics. b) Hydrolyzing the antibiotics by host enzymes. c) Transferring

chemical groups to inhibit antibiotics.

Degrading or modifying the antibiotic drugs for resistance is of course widely used by
bacteria to inhibit the effects of antibiotics. Bacteria can break bonds of antibiotics by
targeting certain parts such as esters and amides. Also, by transferring chemical groups
onto the drug, bacteria can inhibit drug activity. Acylation, phosphorylation, glycosylation

of drugs are some of the examples, which bacteria use against antibiotic drugs®.



2.2. Antimicrobial Peptides

Even though individual organisms fail in certain environments, the species as a hole may
find a beneficial mutation and continue its existence. They use various defense strategies
against their parasites, pathogens in their food or their competitors which occupy the same
niche. Some of these strategies become successful and evolutionarily conserved so that
we can see them in many different species today. Antimicrobial peptides (AMPS) which
are also called host defense peptides are one of these successful, ancient strategies

displayed in both plant and animal kingdoms®Z.
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Figure 4 Biological roles of AMPs2,

AMPs were first discovered more than thirty years ago while studying insect immunity*2,
Since then, thousands of AMPs have been found in a wide variety of organisms. They are
being used by multicellular organisms as a part of innate immune system, the first line of
defense. Although it is hard to categorize them since they can be categorized in many
different ways according to several different criteria, they can be studied according to their
secondary structures which are mostly a-helical or B-sheet for known AMPs!*. Some of

the examples for known AMPs can be seen in Figure 5.
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AMPs vary even among closely related species, because they change according to the
microbes the organism faces. On the other hand, despite they have different sequences,
many of them share similar properties. They are mostly short sequenced (10-50 amino
acid residues), structurally amphipathic (consisting both hydrophobic (usually >30%) and
hydrophilic parts) and they carry overall net positive charge because of lysine, arginine

and histidine amino acids in their sequence®.

Natural and synthetic AMPs are very useful against bacteria. Several studies showed that
natural and synthetic AMPs such as cathelicidin present even anti-biofilm effects'®. In
addition, even though most of the AMPs show cytotoxicity at higher concentrations or
sometimes even at minimum working concentrations'’, there are also strong candidates

which do not show cytotoxicity at these concentrationsé.

Long cationic peptides face some problems for therapeutic use. They usually work at
higher concentrations, therefore, they show cytotoxicity with increased concentrations.
Proteolytic enzymes can degrade them and especially larger peptides are vulnerable to
proteases. Also, production cost increases with the size. Small cationic peptides on the
other hand, can escape from proteolytic degradation easier than long peptide sequences

and the production cost is less expensive.

11



2.3. Bacterial Membranes and Mechanisms of AMP Action
Bacterial membrane components differ among gram positive and gram negative bacteria.
Gram positive bacteria have a single membrane, which contains acidic polysaccharides
(teichoic acids). Gram negative bacteria have an inner membrane of similar properties;
however, does not contain teichoic acids. On the other hand, gram negative bacteria also
have an outer membrane. Even though both gram positive and gram negative membranes
are composed of negatively charged phospholipids, gram negative bacteria have more
lipid content on their membrane, and they have lipopolysaccharides. Teichoic acids and
lipopolysaccharides increase the net negative charge of the membrane structure of
bacteria. Since both gram positive and gram negative bacteria have phospholipids, they
can both be affected by cationic AMPs, which cause membrane disruption by binding to

negatively charged phospholipids.

Table 1 Differences between gram positive and gram negative bacteria related to

AMP designs
Gram positive bacterial membrane Gram negative bacterial membrane
Lipid and lipoprotein Low High
content
Lipopolysaccharide Very low High
(LPS) content
Teichoic acid Present in many -
Outer membrane
and - Present
periplasmic space
Porins - In outer membrane
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Bacterial membrane phospholipids such as cardiolipin and phosphatidylglycerol are
mostly acidic. However, the reason mammalian cells do not get affected in most cases is
that there are phosphatidylcholine and sphingomyelin phospholipids in the outer part of
the membrane which makes it zwitterionic, and negatively charged phosphatidylserine in
the inner part of the mammalian membrane. Although this is the case, if hydrophobicity
of AMPs are high then, they can interact with phosphatidylcholine of the mammalian

cellular membrane and can affect the membrane integrity™®.

First interaction of AMPs with bacterial membrane is electrostatic attractions between
positively charged peptides and negatively charged membranes. Experimentally, L- or D-
enantiomers of amino acids do not change antimicrobial activity. Therefore, it is thought

that the first interaction is non-specific®.

While some AMPs are internalized, others work on membrane disruption. Although
passing a threshold concentration of AMPs is necessary for membrane disruption, there

are different biophysical models to explain AMPs’ behavior?!.

In Barrel Stave Model, peptides create transmembrane pores similar to barrel staves.
Hydrophobic side faces to phospholipid acyl chains. By doing that, bacteria lose control
of ion gradients and its ability to synthesize ATP. Then, it cannot control the water

movement and it dies because of osmolysis?.
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In Carpet Model, peptides cover the surface of microbial lipid bilayer membrane, and
unlike pore models they do not create porous structures. Instead, after reaching a certain

treshold concentration, they act like detergants and shatter the membrane structure®.

In Toroidal Pore Model, peptides elongate the lipid head groups of the bilayer and bend
them by integrating into the system. After the bending, the outer and the inner sides of the

bilayer connect and this creates pores in the membrane structure?,
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Figure 6 Proposed mechanisms of AMP mediated membrane disruption: Barrel Stave

Toroidal Pore Model (c). Edited from Melo et al. 2009.

Model (a), Carpet Model (b)
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AMPs can also be internalized and affect the target microbial cells in ways other than
membrane disruption (such as Mersacidin, Buforin 1l and Histatins). Mersacidin inhibits
peptidoglycan synthesis by preventing glycosylation®. Buforin Il penetrates cell
membrane and binds to DNA or RNA to kill microbial organisms?®. Other than cationic
and hydrophobic residues of AMPs there are other properties which are important. For
Buforin 11, the substitution of proline with leucine decreases the effect of Boforin Il
peptide, because the internalization of the peptide into microbial cytoplasm is decreased
after the substitution?’. Histatins act by binding to mitochondrion and cause ATP loss and

promote the generation of reactive oxygen in order to kill the microbial cell?%,

2.4. Cationic Antimicrobial Peptides Against Bacterial Resistance

Bacterial resistance to drugs is not a new problem which just happened because of misuse
of antibiotic drugs — even though, of course this mistake certainly enhanced the problem.
Bacterial resistance is probably also as ancient as host defense systems. This can be
thought as a co-evolutionary process of bacterial resistance and host defense strategies.
So, in this context, it can be said that bacterial resistance and AMPs acted as driving force
for evolution of each other. Since AMPs use various strategies such as the examples given
in the previous section, bacterial resistance strategies also differ. That is one of the reasons
which makes it hard to develop new effective drugs against drug resistance of bacteria.
However, in the case of AMPs, this resistance is a driving force for their evolution,

therefore, we can get very useful information from analyzing this ancient battle.
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Bacteria can show resistance against AMPs by reversible adaptations or inheritable
mutations. In experimental conditions, bacteria developing resistance to AMPs were
shown previously®. By gradually increasing AMP concentration, it seems bacteria can
become resistant to AMPs just like current antibiotic resistance schemes. However, for in
vivo conditions, there might be multiple AMPs working at the same time and certainly in
vivo conditions are quite different than in vitro conditions. Therefore, it is hard to

determine how much time it takes for a bacterium to become resistant to a certain AMP.
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Figure 7 Co-evolution of cationic AMPs (CAMPs or CAPs) and bacterial resistance®.
Adapted from Peschel et al. 2006 with permission of Nature Publishing Group.
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Bacteria use protease activity against AMPs. By doing this, they can degrade AMPs before
they act. Especially a-helical and linear structured AMPs are the targets of this bacterial
resistance tactic®'. On the other side, AMPs create disulfide bridges in their structure in a
way which does not affect their functional activities, but provides protection against
protease degradation. In one study, it was shown that when a-defensin family Crp4 AMP
does not carry disulfide bridges, matrix metalloproteinase-7 (MMP-7) enzymes degraded
these substituted peptides®. Also, there are different studies which shows that by adding

intermolecular disulfide bonds, it is possible to increase stability of proteins3.

Another mechanism bacteria use to inactivate AMPs is directly interfering with the target
peptides. Some pathogenic bacteria secrete certain molecules for complementary
interference to target AMPs and therefore inhibit the antimicrobial activities of those
AMPs34, On the host side, this resistance mechanism corresponds to multiple AMPs with
small sequence differences®. Since the secreted molecule is target specific and works with
direct sequence recognition, by evolutionarily increasing the variance of AMPs, host

species inhibit bacterial development.

A broad mechanism which bacteria can use in order to inhibit cationic antimicrobial
peptide action could be changing the membrane anionic structure into a more neutral one,
just like mammalian zwitterionic cell membrane. However, changing important structures
of the membrane, such as teichoic acid and peptidoglycans, is not an easy strategy, and
actually, evolutionarily, might not be possible at all for many bacterial species.
Nevertheless, bacteria use this strategy to at least partly change membrane charge, and
therefore, resist against cationic AMPs. For example, Peschel et al. showed the D-alanine

modification of bacteria in order to increase partial positive charge of the membrane®.
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Despite this ability, cationic AMPs with higher positive charges still interact with bacterial
membranes and kill bacteria. So, high positive charge seems an effective way of fighting
bacterial resistance. However, higher positive charge brings some problems of course. An
important problem for antibacterial efficiency would be the change of positive charge and
hydrophobicity balance for AMPs. Increased positive charge certainly increases bacterial

membrane targeting but, might decrease membrane penetration ability of AMPs®,

2.5. Multivalent Designs for AMPs
Multivalent systems especially multivalent bindings for biological organisms have been
shown as examples of multivalency in nature almost twenty years ago®’. Bacterial binding
to the surface of urethral endothelial cells, viral binding on the surface of bronchial
epithelial cells, neutrophil binding on arterial endothelial cells were given as examples of

multivalent binding in natural systems.

For multivalent designs, more than one bioactive part binds to the target molecule(s).
Therefore, cationic interactions which would cause AMPs to target and get closer to
bacterial membranes would increase for the multivalent design. Since peptides work in
groups rather than single units, required time for binding would decrease because of

binding multiple sites by a single assembly®.
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Figure 8 Schematics of dendrimeric/branched and polymeric multivalent peptides®°.

Adapted from Liu et al. 2010 with the permission of Springer.
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Compared to most antibiotic drugs, one of the disadvantages of AMPs is that because of
enzymatic degradation, the half-life of AMPs are significantly shorter than most
antibiotics. Furthermore, both antibiotics and AMPs share a common problem that, by
synthesizing proteases and peptidases, bacteria inhibit the activity of antimicrobial
molecules. Another disadvantage of AMPs is their low affinity to bacterial membranes.
Especially short peptides with lower cationic interactions suffer from this problem. In
order for AMPs to destabilize the bacterial membranes, they need to congregate and pass
a local concentration threshold to disrupt the bacterial membrane. However, multivalent
display can increase the stability and half-life of peptides by intramolecular self-assembly
or unnatural scaffold linkers*. Also, since multivalent design makes AMPs work in close
proximity, AMPs can pass the threshold value easier. There are studies (Figure 9) showing

the increased effectivity of AMPs with dendrimeric designs*+42,
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Figure 9 Examples for conjugation of antimicrobial reagents into multivalent structures

Edited from Chamorro et al. 2012. Biochimica et Biophysica Acta Biomembranes with

permission.

As a disadvantage, multivalent designs are usually harder or more expensive to synthesize
compared to single peptides. However, self-assembling systems enable easier assembly to
larger molecules, because single subunits which are capable of self-assembling by

molecular interactions can create a multivalent system which is easier to synthesize and
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economical for production. Self-assembling peptides form [B-sheet structures through
hydrophobic forces caused by hydrophobic interfaces and hydrophilic forces caused by

hydrophilic interfaces which improve the stability of the overall structure®.

2.6. Self-Assembling Peptide Amphiphiles
Noncovalent interactions such as van der Waals, n-r, hydrogen bonding, and electrostatic
interactions can create molecular attractions and induce molecular self-assembly**.
Molecular self-assembly is a common mechanism which is used by nature for several

tasks. Peptide self-assembly constitutes one common example for this phenomenon.

Amino acids have different roles in the self-assembling of peptide molecules. Aspartic
acid (D), glutamic acid (E), histidine (H), ornithine, lysine (K) and arginine (R) amino
acids and phosphorylation or de-phosphorylation of serine (S) or threonine (T) residues
can cause electrostatic interactions. In addition alanine (A), valine (V), leucine (L),
isoleucine (1), methionine (M), phenylalanine (F), tyrosine (YY) and tryptophan (W) can

create hydrophobic effects*>46,

Self-assembling peptide amphiphiles are a group of peptides which contain hydrophobic
tails which form nanofibrous structures through hydrophobic collapse, B-sheet forming
sequence which forms intermolecular hydrogen bonding, hydrophilic sequence which
increases solubility of the peptide in water and possible bioactive epitopes which can be

used for electrostatic interactions with the target*48.
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Figure 10 Schematics of Self-Assembly of Peptide Amphiphiles*. Adapted from Xu et

al. 2010 Biointerfaces with permission.

Based on the length of the hydrophobic alkyl tail and the charge of the hydrophilic amino
acid sequences, peptide amphiphiles create supramolecular structures in different pH

values.
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3. Experimental Section

3.1. Materials

9-Fluorenylmethoxycarbonyl (Fmoc) and tert-butoxycarbonyl (Boc) protected L-amino
acids, lauric acid, Rink amide MBHA resin, and uronium hexafluorophosphate (HBTU)
were purchased from  NovaBiochem. N,N-diisopropylethylamine (DIEA),
dichloromethane (DCM), dimethylformamide (DMF), trifluoroacetic acid (TFA), and all
other chemicals used for peptide synthesis and material characterizations were purchased
from Merck, Fisher, Alfa Aesar, Sigma-Aldrich. Live/Dead BacLight bacterial viability
kit L-7012 was purchased from Life Technologies. Luria-Bertani bacterial culture
medium was purchased from Merck, and LB broth with agar was purchased from Sigma.
Calcein-AM and other cell culture materials were purchased from Invitrogen. Other
chemicals and materials were purchased from either Sigma-Aldrich or Thermo Scientific.

All chemicals and solvents used in this study were analytical grade.

3.2. Methods

3.2.1 Peptide Synthesis, Purification and Characterization

Cationic antibacterial peptide amphiphile Lauryl-VVAGKKKGRW-Am and cationic
antibacterial soluble peptide KKKGRW-Am were synthesized on Rink Amide MBHA
resin (0.46 mmol g). Amino acid couplings were performed with 2 : 1.95 : 3 equivalents
of Fmoc protected amino acid, HBTU and N,N-diisopropylethylamine (DIEA),
respectively, in dimethylformadmide (DMF) for 5 h. For removing Fmoc protecting

groups, 20% piperidine/DMF solution was used for 25 minutes. A mixture of
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trifluoroacetic acid (TFA), triisopropylsilane (TIS) and water (95 : 2.5 : 2.5 ratio
respectively) was used for cleavage of the peptides from the resin for 2 h. Excess TFA
was removed by rotary evaporation. The remaining viscous peptide solution was treated
with ice-cold diethyl ether at -20 °C and the resulting white pellet was freeze-dried. The
peptides were identified and analyzed by reverse phase HPLC on an Agilent 6530
accurate-Mass Q-TOF LC/MS equipped with an Agilent 1200 HPLC. A phenomenex
Luna 3u (micro) C8 100A (50 x 3.00 mm) column as the stationary phase and water-
acetonitrile gradient with 0.1% volume formic acid as the mobile phase were used to
identify the peptides. Peptides were purified by using 1200 Agilent HPLC on Zorbax
300SB C8 4.6 100 mm column with a water-acetonitrile (0.1%TFA) gradient. Then,

peptides were treated with HCI.

3.2.2 Structural Characterization of Peptides by Circular Dichroism (CD)

Spectroscopy

Spectra was recorded by using a J-815 Jasco spectrophotometer at room temperature under
a constant flow of nitrogen gas during the experiment. 125 uM aqueous solutions were
diluted from 2 mM stock solutions of peptides. CD spectra were obtained within the data
interval of 300 to 190/min, with a bandwith of 1.0 nm, and a scanning speed of 500
nm/min. Scans were repeated three times and averaged. The results were converted to

molar ellipticity per amino acid residue.
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3.2.3 Morphological Characterization of Peptides by Transmission

Electron Microscopy (TEM)

Peptide amphiphile was diluted from 2 mM stock solution into 125 uM for sample
preparation. Peptide nanofibers were placed on a TEM grid. After 7 min incubation,
uranyl-acetate (2% wt) staining was performed for 1 min. Fei Tecnai G2 F30 TEM at 200

kV was used for imaging.

3.2.4 Antibacterial Activity Analysis

In order to see the antibacterial activities of both peptides, minimum inhibitory
concentrations (MICs) were determined. Then, to show the effectivity of both peptides in
the given concentrations, we used Live/Dead analysis. After this, we used survival assay
for both Escherichia coli and Bacillus subtilis bacteria to compare the efficiencies of

nanofiber structures and single unit peptides,

3.2.4.1 Minimum Inhibitory Concentration (MIC) of Peptides

Escherichia coli (RSHM 888, National Type Culture Collection Laboratory, Ankara,
Turkey) as gram negative and Bacillus subtilis (ATCC 6633) as gram positive bacteria
were cultured at 37 °C in shaking incubator at 200 rpm for 14 h to achieve mid-logarithmic
growth phase. Luria-Bertani (LB) culture medium was used for bacterial growth and broth
dilution was used after bacteria reached mid-logarithmic growth phase. By using fresh

LB, both bacteria were diluted to 5x106 CFU mL™ in order to use in MIC experiments.
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Before doing this, both bacterial CFU calculations were checked by broth dilution and
agar plate colony counting. ODsoo = 0.1 value was accepted to be 107 — 108 CFU mL? of
bacteria as in McFarland Standard No.1 and 5x10° CFU mL™* of bacteria were used in
MIC experiments. 100 pL of bacteria (10° CFU mL™) in LB were added into 100 pL of
peptide solution in 1X PBS (peptides were prepared in 96-well plate 1 h before this part).
After incubation for 18 h in shaking incubator at 37 °C, 20 pL from each sample was
seeded onto agar plates. MIC was measured to be the lowest peptide concentration which
inhibits bacterial growth. Bacterial cells in 100 uL LB and 100 pL 1X PBS mixture
without peptides were used as positive control. For each concentration of peptides, three

replicates were used.

3.2.4.2 Live/Dead Assay for Bacteria

Bacterial viability kit contains SYTQ9 for staining of living bacterial cells and propidium
iodide for staining of dead bacterial cells. In 1X PBS solution, 6 uM SYTO9 and 30 uM
propidium iodide were mixed. Previously prepared bacteria-peptide mixtures were stained
for 15 min in dark at room temperature. 5 pL of samples from each group were visualized
with Zeiss LSM 510 laser scanning confocal microscope. Excitation/emission values of

the dyes are SYTQO9: 480/500 nm, and propidium iodide: 490/635 nm.
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3.2.4.3 Bacterial Survival Assay

Survival assay was performed with both peptide nanofiber and soluble peptide treated
bacteria at each peptide’s minimum inhibitory concentration, respectively. 10 uL of
samples were taken at 1 h, 6 h, 24 h and incubated at 37 °C on agar plates. Number of

bacteria prior to peptide addition was used in order to draw % survival bar graph.

3.2.5 Cytotoxicity Analysis of Peptides

Human umbilical vein endothelial cell (HUVEC) line was used in order to check the
cytotoxicity of the peptides by Live/Dead assay (Invitrogen). HUVECs were donated by
Yeditepe University, Istanbul, Turkey. 100 pL peptide solutions in 1X PBS were mixed
with 5000 cells/well in 96-well plates. After 24 h incubation, the medium was discarded
and wells were washed with 1X PBS. Then, wells were incubated with 2 uM calcein-AM
and 2 uM EthD-1 in PBS for 30 min at room temperature. Three random images were
taken for every well with fluorescent microscope Zeiss, Axio Scope Al at 10x

magnification. ImageJ software was used for counting.

3.2.6 Visualization of Peptide Nanofibers by Confocal Microscopy

First, peptide amphiphile stock solution was prepared (2 mM) and after 1 h incubation at
room temperature, fluorescent (FITC) tagged peptide amphiphiles were mixed with it in
5% ratio compared to antibacterial peptide amphiphile®. Bacteria were incubated with the
peptide solution for 30 min at 37 °C in shaker incubator. 5 pL of samples were taken

between glass coverslips. Imaging was performed with Zeiss LSM 510 laser scanning
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confocal microscope. FITC configurations were 488 nm ex. laser / 505-530 nm emission

filter.

3.2.7 Analyses of Morphological Changes of Bacteria by Scanning

Electron Microscopy (SEM) Imaging

A FEI Quanta 200 FEG scanning electron microscope with an ETD detector was used in
order to visualize the morphological changes caused by both soluble peptides and peptide
nanofibers on bacterial membranes. Bacterial cells were fixed with 2.5% gluteraldehyde
in PBS for 1 h. For post-fixation, 1% osmium tetroxide was used for 1 h. Then, for step
by step dehydration, 20%, 40%, 60%, 80%, 100% EtOH were used for 2 min at each step.

After final 100% EtOH step, the samples were kept in fresh 100% EtOH for at least 1 h.

3.2.8 Analyses of Morphological Changes of Bacteria by Atomic Force

Microscopy (AFM) Imaging

Before AFM imaging, mica surface was prepared. We cut the mica into suitable sizes to
hold 300-400 uL of samples on the surface during the imaging process. Outer layer was
removed by using tape. Gelatin coating was used in order to immobilize the bacteria for
capturing the images®®. Briefly, 0.5 g gelatin was solved in 100 mL dH-O and the mica
surfaces were coated with it at 60-70 °C. Samples were imaged using an Asylum Research
MFP-3D AFM under tapping mode, on mica surfaces covered with a layer of dH20. Soft
silicon nitride tips with nominal spring constants of 0.05 N/m were used for imaging.

AFM micrographs were taken at a resolution of 512 x 512 pixels.

31



3.2.9 Zeta Potential Measurements

Zeta potential measurements were done at 25 °C and at neutral pH. Peptides from 2 mM
stock solutions were diluted with double distilled water to 250 uM final concentration
prior to the measurements. Nano-ZS Zetasizer (Malvern) was used for measurement and

conversion of zeta potential was done according to Smoluchowski equation®%:

Electrophoretic mobility = electric permittivity of the liquid x zeta potential / viscosity

3.2.10 Statistical Analysis

Results were expressed as mean + standard deviation or with 95% Confidence Intervals.
One-way analysis of variance (ANOVA) with Tukey’s Multiple Comparison Test
(GraphPad Prism v5) was used to compare values between the experimental groups. p <

0.05 was considered as statistically significant.

32



4  Results and Discussion

4.1 Synthesis of Peptides and Characterization of Peptide Amphiphile Self-

assembly into Nanofibers

In order to study antibacterial activity of peptides, Lauryl-VVAGKKKGRW (peptide
amphiphile - PA) and KKKGRW (soluble peptide) molecules were designed (Figure 11)
and synthesized. PA had an antimicrobial sequence, a hydrophobic alkyl tail consisting
of lauric acid and a B-sheet forming peptide sequence, VVA. On the other side soluble
peptide molecule did not have an alkyl tail or a B-sheet forming peptide sequence, VVA.
Both molecules were synthesized by solid phase peptide synthesis method.
Hydrophobicity of the alkyl tail and hydrogen bonding of the middle part of the PA
molecule induce the peptide amphiphiles to create aggregates and finally nanofibrious

structures®®.
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Figure 11 Chemical structures of the peptide amphiphile (Lauryl-VVAGKKKGRW) and soluble peptide (KKKGRW) molecules.
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4.2 Structural and Mechanical Characteristics of Peptides
Antibacterial peptide amphiphiles were observed to form a nanostructured fiber
morphology via the help of B-sheets driven by VVAG sequence. Alkyl tail causes
hydrophobic interaction whereas VVVA causes hydrogen bonding and G is used as spacer
between hydrophobic and hydrophilic regions®. The antibacterial soluble peptide on the
other hand does not contain an alkyl tail or VVAG sequence, therefore, there is no p-sheet
packing or hydrophobic alkyl tail collapsing inside to create a fiber structure for this
soluble peptide. To visualize the nanofibrous structures, transmission electron microscopy
(TEM) was used (Figure 12). While peptide amphiphile molecules self-assembled into

nanofiber structures, soluble peptide molecules did not aggregate.
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Figure 12 Structural characterizations of peptides by using Transmission Electron Microscopy. (Left) Representative TEM image of
peptide amphiphiles (Lauryl-VVAGKKKGRW) self-assembled into supramolecular nanofibers, (Right) on representative TEM image

of soluble peptides (KKKGRW) showing no aggregate formation.
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Figure 13 Liquid chromatograms and mass spectra of peptides. (Upper figures) PA, [M+H]" (calculated) =1309.72, [M+H]* (observed)
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843.5375.
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Peptides were purified with HPLC and characterized by LC/MS (Figure 13). Mass
Spectrometry and High Performance Liquid Chromatography confirmed the successful

synthesis and purification of both peptides.

We characterized the secondary structures of the molecules by using Circular Dichroism
(CD) spectra (Figure 14). Peptide amphiphile molecule gave local maximum point around
200 nm and local minimum point around 220 nm, which demonstrates predominantly [3-
sheet structure, whereas soluble peptide gave a local minimum point around 195 nm,

which demonstrates predominantly random coil structure.
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Figure 14 Secondary structure characterization of peptides by using circular dichroism.
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We also checked the secondary structure of peptide amphiphile at different pH values. At
pH 7.4, it shows predominantly -sheet structure, however when environment was more
acidic, it did not show B-sheet structure. Since our peptide was positively charged for
antibacterial activity purposes, at acidic pH, when environmental positive charge
increased because of hydrogens, proper B-sheet formations were not observed. Therefore,

we used pH 7.4 for further experimentations.
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Figure 15 Secondary structure characterization of antibacterial peptide amphiphile at

different pH values.
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4.3 Critical Micelle Concentration

In order to determine the critical micelle concentration of antibacterial peptide amphiphile
molecule, we conducted Nile Red assay®. The experiment was done at pH 7.4. Since our
PA molecule is amphipathic, after certain concentration, hydrophobic tails get inside and
trap the Nile Red dye and create micelles. It can be seen from the Figure 16 that the critical

micelle concentration for PA molecules seems to be lower or equal to 50 uM.
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Figure 16 Nile Red analysis of critical micelle concentration of PA.
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For antibacterial assays, it was important to see if lower concentrations would show
antibacterial activity. Therefore, after determining a relatively rough estimation, we
looked at the fiber formation with a more sensitive method, Atomic Force Microscopy, to
see if the synthesized peptide amphiphile molecules make fibers at lower concentrations

(Figure 17).
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Figure 17 AFM images of nanofiber formations at 10 uM concentration.
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AFM images showed the distinct fibrious morphology of peptide amphiphiles at as low
as 10 uM concentrations. Therefore, we determined that PA molecules make fibers at as
low as 10 uM concentrations. This information was used to further investigate the
antibacterial efficiency of peptide amphiphile molecule using this concentration as our

lower limit for investigating the minimum inhibitory concentrations of peptide nanofibers.

4.4 Antibacterial Activity of Peptides

4.4.1 Determining Minimum Inhibitory Concentrations (MICs)

Inhibitory concentration difference in antibacterial activity of peptides against gram
negative (E. coli) and gram positive (B. subtilis) bacteria is summarized in Table 2.
Because of their supramolecular structural difference, which is caused by self-assembling
peptide amphiphile molecules organizing into nanofibers, antibacterial activity of peptide
nanofibers were increased dramatically. It should be noted that the experiment was done
by Y serial dilution of peptides from 2 mM stock solutions, and minimum concentrations
which killed all the bacteria were chosen as minimum inhibitory concentrations of
peptides for comparison. Therefore, it can be said that antibacterial peptide nanofibers are
4-8 times more effective than the antibacterial soluble peptides in terms of concentration

values.

42



Table 2 Minimum Inhibitory Concentrations of Peptides

Sequence MIC against MIC against

E. coli (uM) B. subtilis (uM)

Peptide Nanofiber | Lauryl-VVAGKKKGRW 125 125

Soluble Peptide KKKGRW 1000 1000

4.4.2 Bacterial Live/Dead Assay

Syto-9 and Propidium lodide (PI) are both nucleic acid stains. Syto-9 stains both live and
dead bacteria, whereas Pl stains bacteria with compromised membranes®®. Bacteria were
incubated with PI for 60 min in the presence of peptide nanofibers or soluble peptides in
their effective concentrations, and both cationic peptides were observed to effectively kill

bacteria at their given concentrations (Figure 18, 19).
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E.coli E.coli
MIC fiber (125 pM) MIC soluble (1000 pM)

Figure 18 Nanofiber-treated and soluble peptide-treated E. coli, stained with BacLight

Live/Dead bacterial viability Kit.
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Syto-9

Propidium
lodide

B.subtilis B.subtilis
MIC fiber (125 pM) MIC soluble (1000 uM)

Figure 19 Nanofiber-treated and soluble peptide-treated B. subtilis, stained with BacLight

Live/Dead bacterial viability Kit.
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Figure 20 Higher concentration of nanofiber treated E. coli and B. subtilis, stained with

BacLight Live/Dead bacterial viability Kit.
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Increasing peptide nanofiber concentrations were observed to be associated with bacterial
cell accumulations during live/dead analysis (Figure 20). The reason for this effect might
be the accumulation of dead bacteria during the pipetting of SYTO-9 and PI dyes for
confocal imaging. This would suggest that the self-assembling nanofiber structures cause
the rapid accumulation of positive charges on bacterial membranes, resulting in cellular
rupture after reaching a hydrophobic threshold®’. Consequently, the tandem presentation
of positive charges on peptide nanofiber structures may make them more effective in
disrupting bacterial membranes compared to soluble peptide units®®. Unlike soluble
peptide molecules, the mesh-like network produced by the self-assembling PA system
may also allow the filtering of bacterial cells from liquid environments through

membrane-peptide interactions.
4.4.3 Bacterial Survival Assay

Survival of bacteria was analyzed by taking 10 uL from both antibacterial peptide
nanofiber and antibacterial soluble peptide treated samples at 1 h, 6 h, and 24 h time points,

through colony counting after incubating these samples in agar plates.

After 1 h, while soluble peptides killed around 20% of bacteria, peptide nanofibers killed
around 80% (Figure 21). Both peptides were used at their minimum inhibitory
concentrations for this experiment. The time course results show that peptide nanofibers

clearly kill both gram positive and gram negative bacteria faster than soluble peptides.
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Figure 21 Time course of antibacterial activity of peptides. Error bars represent mean with 95% CI.
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4.5 Biocompatibility of Peptides with Mammalian Cells

Cytotoxicity effects and MICs of both peptides against mammalian cells were investigated
by using Human Umbilical Vein Endothelial Cells (HUVECS). These cells are used as a

standard cell line in angiogenesis assays, and have been shown to assist in the activation

of innate immune responses®.

Cell Survival (%)
S (2] [+

N
o
1

TCP Soluble Peptide
Peptide Nanofiber
Treated Treated

Figure 22 Fluorescent images of HUVECs with peptides after 24 h of incubation using
Live/Dead assay (a-c). Cytotoxicity of peptides on HUVECs (d). Error bars represent

mean + SD (**p<0.01).
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Even though the survival of peptide-nanofiber treated HUVECs was significantly lower
than that of soluble peptide-treated cells, biocompatibility of peptide nanofiber was in
acceptable range compared to TCP control (Figure 22d). Mammalian cells are expected
to be resistant to the proposed mechanism-of-action of the peptide system, as their
membranes exhibit a zwitterionic nature and contain phosphatidylcholine, sphingomyelin,
and phosphatidylserine phospholipids. Nevertheless, AMPs with strongly hydrophobic
character can interact with phosphatidylcholine found in the mammalian cellular

membrane and affect membrane integrity®®.
4.6 Confocal Microscopy Visualization of Peptide Nanofibers on Bacteria

Visualization of peptide nanofibers on bacteria was studied by confocal microscopy
imaging. Peptide nanofibers were produced by mixing fluorescently labelled peptide
amphiphile molecules (FITC-PA) with antibacterial peptide amphiphiles and were
detected on both gram-positive and gram-negative bacteria after 10 min of incubation
(Figure 23). In these images, fluorescence spreading throughout the bacterial cells
suggests the internalization of FITC labelled peptides into the cytoplasm of both
bacteria®®. Time lapsed imaging was also performed using peptide nanofibers (5% FITC)
(Figure 24). First image (0 sec) was taken 40 sec after the addition of fluorescent labelled
nanofibers. These results show the rapid binding of peptide nanofibers to bacterial

membranes.
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Figure 23 Confocal microscopic study of localization of peptide nanofibers on E. coli

RSHM 888 (a, c) and B. subtilis ATCC 6633 (b, d).
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Figure 24 Time lapsed confocal microscopy imaging of peptide nanofibers onto E. coli and B. subtilis. Snapshots show fast membrane

B.subtilis E.coli

binding of nanofibers.
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4.7 Morphological Changes of Bacteria Following Peptide Treatment

Antibacterial peptide nanofiber- and antibacterial soluble peptide-treated E. coli and B.
subtilis samples were visualized by both atomic force microscopy (AFM) and scanning

electron microscopy (SEM) in order to investigate the morphological changes that occur

when the bacteria are exposed to the peptide system.

[ 34nm

Figure 25 AFM amplitude image of B. subtilis cells treated with peptide nanofibers

(MIC). AFM image was obtained in water under tapping mode. Scale bar: 5 um.
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Figure 26 AFM phase image of B. subtilis cells treated with peptide nanofibers (MIC).

AFM image was obtained in water under tapping mode. Scale bar: 5 pm.
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Larger-area AFM images (Figure 25, 26) showed the effects of nanofiber structures on
bacteria. Nanofibers were observed to be distributed evenly across the mica surface, which
is beneficial for antimicrobial applications of the peptide system on catheters and other
biofilm-prone surfaces. These nanofibrous structures exhibited a dense network formation
that protects a large area against bacterial entry. After encountering the bacterial
membrane, peptide nanofibers were expected to penetrate inside the bacterial membrane
through hydrophobic interactions. Distinct circular areas around the clustered bacteria can
be observed in phase images (Figure 26). Phase differences in these areas suggest that

bacteria were losing cytoplasmic fluid to the environment.

Higher-magnification AFM images of bacteria (Figure 27) showed disruptions in bacterial
membranes, especially for nanofiber-treated groups in phase images. Both groups were
treated with minimum inhibitory concentrations (125 uM for nanofiber, 1 mM for soluble

peptide) and AFM images were taken after 10 min of interaction in water.
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peptidnanoibr soluble peptide
treated E. coli treated E. coli

peptide soluble peptide
treated B. subtilis treated B. subtilis

Figure 27 AFM amplitude and phase images of E. coli and B. subtilis cells treated with
peptide nanofibers and soluble peptides. AFM images were obtained in water under

tapping mode.

Figure 28 AFM amplitude and phase images of control E. coli cells in water.
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Figure 29 Scanning electron micrographs of E. coli cells without peptide treatment (a), exposed to soluble peptide (b), and in contact

with peptide nanofibers (c).
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E. coli cells were fixed with 2.5% glutaraldehyde for 60 min prior to SEM imaging.
Nanofiber structures are also visible on the background of the peptide network-exposed
samples (Figure 29c). The fiber structure in the SEM image was also present in the AFM
imaging of peptide nanofibers. Furthermore, nanofiber treatment was found to be
associated with strong disruptions on bacterial membranes (Figure 29c). Destabilized,
disrupted membranes and shrunken bacteria exhibiting non-standard morphologies were
also observed. Also, clear membrane ruptures (Figure 29b) could be seen for the soluble

peptide treated group.

AFM and SEM results suggest membrane destabilization as the mode of action for both
peptides. Both peptides targeted bacterial membranes because of the cationic aminoacids
in their sequences, and both penetrated bacterial membranes with the help of hydrophobic
tryptophan residues. Consistent with the survival data, AFM and SEM results suggest
faster bacterial membrane destabilization for peptide nanofiber-treated groups compared
to soluble peptide-treated groups for both gram-positive and gram-negative bacterial

samples.
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4.8 Previous designs

Prior to Lauryl-VVAGKKKGRW, two other peptide amphiphile systems were designed
and tested for antibacterial activity. Our first peptide was Lauryl-VVAGK, with the N-
terminus functionalized with a quaternary ammonium compound (Figure 30). Despite the
absence of hydrophobic amino acids such as tryptophan, we had hypothesized that the
peptide would facilitate membrane disruption through its cationic nature, and the
quaternary ammonium residue was thought to increase its stability at various pH values.
However, the modest nanofiber-making and antibacterial abilities of this peptide did not
warrant further analysis. MIC value for this peptide nanofiber was larger than 500 uM,

and it worked at this concentration only for B. subtilis, failing to kill E. coli.

The second peptide amphiphile we designed was Lauryl-VVAGRWRWRW (Figure 35).
The antimicrobial capability of Arginine-Tryptophan couple was used for this design.
However, the resulting peptide amphiphile was not soluble enough, even for the

characterizations of the peptide.

The Lauryl-VVAGKKKGRW peptide was developed after these two peptides. Since
Lauryl-VVAGK with quaternary ammonium was not effective, the hydrophobic amino
acid tryptophan was used to increase the hydrophobicity of the molecule. Since Lauryl-
VVAGRWRWRW was not soluble, we added lysine amino acids to increase its solubility,
and incorporated only a single arginine-tryptophan couplet into the structure. We also used

the glycine amino acid as a spacer to separate the RW couplet from lysine residues.

In contrast to lysine, arginine can form hydrogen bonds while engaged in cation-n

interactions with tryptophan®?. In addition, cation-n interactions facilitate the entry of Arg
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into the hydrophobic environment inside lipid bilayers. The arginine is effectively
shielded from the highly hydrophobic nature of the bilayer through its association with a
tryptophan residue, which allows the peptide structure to embed itself deeper into the lipid

bilayer membrane of bacteria®,

4.8.1 Lauryl-VVAGK with quaternary ammonium

Figure 30 shows the chemical structure of K-PA with quaternary ammonium compound.
Quaternary ammonium is a derivative of ammonium in which the nitrogen-bound
hydrogens have been replaced by methyl groups®®. The addition of the quaternary
ammonium residue did not alter the cationic nature of the peptide sequence (Figure 34);
however, the presence of this group reverses the zwitterionic nature of the peptide and

prevents its charge from changing depending on pH.

Figure 32 shows nanofiber formation of quaternary PA molecules at 100 puM
concentration and Figure 33 shows the associated CD results that suggest a predominantly
[-sheet structure for this peptide amphiphile molecule. MICs for this peptide were larger

than 500 uM for B. subtilis,, and it did not kill E. coli even at 2 mM concentration.
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Chemical Formula: C3gH7¢CIN;Og
Exact Mass: 731,51
Molecular Weight: 732,44
m/z: 731.51 (100.0%), 732.51 (40.0%), 733.50 (32.0%), 734.51 (13.0%), 733.51 (9.6%), 735.51 (3.2%), 732.50 (2.6%), 734.52 (1.5%)
Elemental Analysis: C, 59.03; H, 9.63; CI, 4.84; N, 13.39; O, 13.11

Figure 30 Chemical structure of peptide amphiphile molecule Lauryl-VVAGK with quaternary ammonium compound.
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Figure 31 Liquid chromatograms and mass spectra of Lauryl-VVAGK with quaternary ammonium compound.

62



Figure 32 Structural characterizations of peptides by using transmission electron microscopy. Representative TEM images of PA with

quaternary ammonium compound self-assembled into supramolecular nanofibers. Scale bars are 50 nm for the (a), 0.1 um for (b).
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Figure 33 Secondary structure characterization of the quaternary ammoniated peptide by

using circular dichroism.
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Figure 34 Charge properties of quaternary ammoniated and non-ammoniated peptide
amphiphiles were analyzed through zeta potential measurements. Kg-PA: K-PA with

quaternary ammonium compound. K-PA: Lauryl-VVAGK.
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482 (RW)s-PA

Followed by determination of the poor antibacterial activity of quaternary PA, we
designed (RW)3-PA in order to improve the antibacterial capabilities of the peptide by
adding hydrophobic groups (Figure 35). The arginine-tryptophan couplet was chosen
because of the reasons provided in the previous designs section. Briefly, these residues
are energetically more favorable compared to the lysine-tryptophan couple, and
tryptophan was chosen instead of other hydrophobic amino acids because it is a common
hydrophobic amino acid in antimicrobial peptides and often occurs alongside arginine

residues (Table 3).

Table 3 Tryptophan-containing antimicrobial peptides.

Adapted from Chan et al. 2006 Biochimica et Biophysica Acta with permission.

Indolicidin ILPWKWPWWPWRR-NH:2
Tritrpticin VRRFPWWWPFLRR

LysH RAWVAWR- NH:2

PuroA FPVTWRWWKWWKG- NH:
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Figure 35 Chemical structure of peptide amphiphile molecule Lauryl-VVAGRWRWRW.
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Figure 36 Liquid chromatograms and mass spectra of (RW)3-PA.
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Figure 37 Structural characterizations of peptides by transmission electron microscopy. Representative TEM images of (RW)s-PA self-

assembled into supramolecular nanofibers. Scale bars are 50 nm for (a), 20 nm for (b).
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TEM results for (RW)s-PA show nanofiber formation (Figure 37); however, self-assembly
is incomplete compared to the Lauryl-VVAGKKKGRW design and large networks of
peptide nanofibers are conspicuously absent. As such, this peptide was also deemed not
to be promising for future applications as an antimicrobial coating agent. In addition, the
peptide was challenging to elute by LC/MS (Figure 36). This may be a result of tryptophan
overlying arginine in the peptide structure and creating unstable hydrophobic regions at
both the interior and exterior surfaces of the peptide nanofiber. Therefore, a design lacking

tryptophan residues was used for further trials.
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Figure 38 Secondary structure characterization of (RW)3-PA by circular dichroism. The

peptide system was observed to predominantly show a -sheet structure.
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5 Conclusion

Although research on antimicrobial peptides has been advancing rapidly, p-sheet AMP
studies are still scarce. This work focuses on the multivalent presentation of antimicrobial
peptides on peptide nanofibers and provides additional information on the dynamics of -

sheet forming AMPs.

A short-sequenced peptide amphiphile molecule was used against E. coli and B. subtilis.
Shorter sequenced peptides with lower molecular masses are less immunogenic and this
could be beneficial for the practical applications of AMPs against pathogens. Peptide
amphiphile molecules create positively-charged clusters at the nanofiber periphery, which

may increase their effective molarity compared to soluble peptide molecules®.

In this work, self-assembly was found to improve the antibacterial effects of peptide
amphiphiles against both gram positive and gram negative bacteria. Since both bacteria
were affected similarly, the sequence is considered to have broad-spectrum activity

against bacteria.

While the cationic interactions cause destabilization of bacterial membranes, their
enhanced hydrophobicity is detrimental to mammalian cell membranes due to peptide-
zwitterionic phospholipid interactions. However, antibacterial activity of the peptide
system was improved four times under the nanofiber configuration, while the associated
cytotoxicity was still within an acceptable range. FITC-tagged localization results showed
the fast accumulation of peptide nanofibers on bacteria, which is an important parameter

due to the necessity of cell-peptide associations for membrane disruption and penetration.
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Peptide nanofibers were observed to be associated with bacteria in SEM and AFM images.
The nanofiber network of cationic AMPs was observed to preferentially attach to the
bacterial membranes and actively disrupt them. While it is uncertain whether the soluble
AMPs also function in a similar way, they have also facilitated the destabilization of

bacterial membranes.

Overall, our findings support the improvement of antibacterial activity for short cationic
peptides when presented in nanofiber form. In addition, B-sheet structure and molecular
interactions of peptide amphiphiles create a more stable cationic AMP for use in

therapeutic applications.
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6 Future Perspectives

The widespread popularity and overprescription of antibiotics has facilitated the
development of common antibiotic-resistant pathogen strains, which continue to present
major health hazards in hospitals worldwide. Well-characterized antibiotics are rapidly
becoming ineffective against bacteria, and the use of multiple antibiotics poses a potential
health hazard for children, the elderly, and immunocompromised individuals. In addition,
the development of multidrug-resistant bacterial strains is making this solution ineffective.
In contrast to conventional antibiotics, antimicrobial peptides emulate the natural
responses that have evolved against bacterial competitors, and synthetic designs have the
potential to improve their effectiveness against a wide range of bacteria. Furthermore, the
co-administration of antimicrobial peptides with conventional antibiotics prevents the
development of bacterial resistance through the presentation of several distinct classes of
antibiotics. Multiple antibacterial epitopes can also be presented on the same peptide

system for a similar effect.

In this thesis work | showed the B-sheet forming capacity of antibacterial peptide
nanofibers at neutral-basic pH but not at acidic pH. Since self-assembling peptide
amphiphiles can be controlled with pH changes to create nanofiber networks, pH changes
can be utilized in future studies to produce an antibacterial system that alters its
accumulated charge, hydrophobicity, self-assembly properties and membrane rupture
capacity depending on the environment. Antibacterial peptide networks similar to the ones
described in the present thesis may also be developed into antibacterial coatings for

medical purposes, especially for the coating of implants and catheters.
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Nosocomial infections are mostly caused by biofilm-producing bacteria, which are highly
resistant to many antibiotics through the shielding effect of their secretions. Antimicrobial
peptide amphiphile networks may be able to bypass this resistance by preventing bacterial
colonizers from gaining a foothold for biofilm production. Overall, peptide nanofibers are
useful tools for surface coating, and the mixture of a surface-binding molecule with an
antibacterial self-assembling peptide amphiphile would be an easy and convenient mean

of creating an antifouling substrate for future studies.
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