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ABSTRACT

The emergence of antibiotic resistant bacteria calls for the advancement in a new class

of drug and drug discovery. Antimicrobial peptides (AMPs) have been shown to have

a broad spectrum of activity against pathogens such as bacterial, viral, and fungal

infections. Although this class of molecules shows a broad spectrum activity, they

often show poor bioavailability and stability in vivo. The key to resolve such complex

problems is to either design an antimicrobial peptide that does not show degradation

pattern or by performing post-synthesis modifications such as cyclisation or N-terminal

acetylation or to design a peptide that when degraded retains its antimicrobial activity.

To design an effective antimicrobial peptide with a broad spectrum activity

against Gram-positive and Gram-negative bacteria, Human Beta Defensin 1 (hBD1)

and Human Beta Defensin 3 (hBD3) were chosen as reference sequences. These peptides

were chosen due to the lack of research done on Beta defensins and their broad spectrum

of activity against a variety of pathogens. The rational behind the design of peptides

was to remove the Cysteine residues in the original sequence of the defensins to ease the

synthesis process, the sequences were then shortened by removal of uncommon amino

acids in the sequence of antimicrobial peptides found in ACP database. The sequences

were then modified to show a minimum similarity of 40% to the original antimicrobial

sequence.

To assess the activity of these peptides they were tested against different bac-

teria and the results determined that HBD-mod8 based on hBD1 showed comparable
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antimicrobial activity to the positive control (antibiotic) against different bacterial

species. To asses the stability and cytotoxicity of this peptide, it was tested against

human serum and human Hela cells. To find the motif responsible for the activity of

this peptide an alanine scan was set-up determining the motifs that were crucial for the

activity of this peptide. Results showed the degradation of the peptide into a smaller

fragment was the key in the antimicrobial activity and it showed a non toxic effect

towards the human cells.
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1.1 Antibiotic Resistance

Infections and infectious diseases in England cost the NHS an estimated £30 billion

per year, and it has been estimated that a decrease of 1% in hospital admissions for a

common infection would save £2.8 million per year. Although the cost of widespread

Antimicrobial Resistance (AMR) is difficult to estimate, the emergence of AMR over

the past decade calls for an increase in the demand for new antimicrobial agents that

bypass this resistance [1]. With the discovery of penicillin by Alexander Fleming in

1928, the antibiotic era began, and was the reason for saving countless lives and en-

abling the effective control of bacterial infections. This breakthrough allowed the major

discovery of most antibiotic classes. This peak in antibiotic insurgence has plateaued

since the 1960s with a lack of novel antibiotic discoveries and the lack of interest from

pharmaceutical companies to invest in the production of new antibiotics [2]. The emer-

gence of AMR has been attributed to the overuse and misuse of these drugs in medicine

and in agriculture. Measures such as the reduction of prescribed antibiotics have been

implemented to reduce the growth of AMR, however other agents are needed for multi-

drug resistant strains of microorganisms [3]. With the exhaustion of current antibiotics

and the end of an era of new and emerging antibiotic production, the importance of

other antimicrobial agents is more evident. It has been widely speculated that the

economic burden of AMR would be catastrophic without any action taken to combat

this resistance [4]. There are 43 new antibiotics under clinical trial most of which, are

in the first and second stage of approval, and two of which are on the way to approval

as a new drug application in the year 2020 [5].
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1.2 Antimicrobial Peptides - AMPs

With the relative ease in the production of peptides in recent years, they are widely

used as biological systems to model biochemical, and biophysical interactions and to

model protein folding and interactions [6]. Antimicrobial Peptides (AMPs) are a class of

peptides that exert antimicrobial activity towards an array of different organisms. They

are representative of the primary host defence system against pathogenic compounds

that have been conserved throughout evolution. AMPs are not only the first line of

defence in mammalians but also the first line of non-specific innate defence in most

multicellular organisms [7]. With the abundance of multi-drug resistant strains of

bacteria and the lack of new antibiotics to fight these strains, the research on AMPs

has attracted special attention. These peptides are a multi-functional class of drugs

involved in the primary defence against bacterial, viral, and fungal infections, [8] wound

healing, [9] and cancer cell targeting [10]. AMPs exert their antimicrobial effects based

on a primary electrostatic attraction to the cell membrane of the foreign pathogenic

compound. However, they can also combat infection by signalling the immune system

to clear and prevent the growth of microorganisms, showing a synergistic effect with

the adaptive immune system [11]. This synergistic effect, complicates the study of the

antimicrobial effect of novel peptide sequences as these compounds show their effect in

many different modes of action.

The wide range of antimicrobial activity shown by AMPs can be attributed to

the existence of 20 different natural amino acids that lead to the production of variable

sequences. However, these molecules are limited in terms of their secondary structure,

especially when in contact with a cell membrane [12] as AMPs often change their struc-

ture upon interaction with the cell membrane of a microorganism [13]. Since pathogenic

compounds have devoted most of their genetic coding to expressing complex regulating

countermeasures to antibiotics, it is vital to understand the role and the mechanism

of action of AMPs to be able to enhance the design of these novel peptides and in-
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crease the antimicrobial effect on pathogenic compounds whilst reducing cytotoxicity

and stability, all while focusing on the mechanism of action of these compounds.

1.3 A brief history of Antimicrobial Peptides

Antimicrobial peptides are a diverse group of compounds that can be divided into three

distinct categories based on their amino acid sequences. Table 1.1 shows the different

type of AMPs with their subsequent examples.

Table 1.1: Antimicrobial peptide classification.

Types Primary amino acids Example

Anionic peptides Rich in glutamic and aspartic acids Dermicidin, MaximinH5

Linear cationic α-helical peptides Linear rich in arginine and lysine Cecropins (A), Magninin (2), LL-37 from humans

Cationic peptides Rich in proline, glycine, histidine, tryptophan, arginine Indolicidin, Hymenopraecin, Abaecin

Anionic and cationic peptides Cysteine-rich with disulphide bonds Human Neutrophil or Human α Defensin (hNP), Human β Defensin (hBD)

Anionic and cationic peptides Fragments of larger proteins Lactoferricin from Lactoferrin

The first antimicrobial peptide to be discovered was Gramicidin, a non-ribosomal pep-

tide, isolated by René Dubos from soil bacteria Bacillus brevis in 1939. This AMP

showed bacteriostatic and bactericidal activity by inactivating the glucose dehydro-

genases followed by a secondary lytic ability resulting in cell death in Gram-positive

bacteria [14]. This study also concluded that the effect of Gramicidin was likely due

to cellular structure or function, since, it only showed activity towards Gram-positive

bacteria. Gramicidin was also the first therapeutic antimicrobial agent used for its

wound-healing capabilities and it was commercially manufactured as an antibiotic [15].

Lyzozyme was believed to be the first antimicrobial agent since its discovery

in the 1920s [16]; however, it was later revealed that lysozyme exerts its antimicro-

bial activity enzymatically, therefore it is classed as a different antimicrobial agent to

antimicrobial peptides, that, are active against pathogenic compounds through non-

enzymatic mechanisms [17].
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The next antimicrobial peptide, Purothionin, was discovered in 1972. It was ex-

tracted from the wheat endosperm. This peptide was found to be inhibitory to a range

of pathogens, from most Gram-positive bacteria to a limited number of Gram-negative

bacterial species with varying Minimum Inhibitory Concentration (MIC) values. This

study showed structural differences between the α and β Purothionin, proving that the

antimicrobial activity of AMPs is structurally dependent [18]. In 1962 Bombinin was

extracted from orange speckled frog Bombina variegate [19] and in the 1960s lactofer-

rin was isolated from cow’s milk [20], marking the discovery of the first animal-derived

AMPs.

With the denouement of the golden age of antibiotics, focus was given to Lyso-

somal Cationic Proteins (LCPs) extracted from guinea pig Polymorphonuclear Leuko-

cytes (Polymorphonuclear Leukocytes (PMNs)) granules, thought to be responsible

for termination of bacteria by neutrophils, mostly through oxygen-independent mech-

anisms. PMNs are activated as a result of inflammatory agents such as bacterial

Lipopolysaccharide (LPS), cytokines, and complement factors. This activation leads

to the adherence of PMNs to the vessel wall before exiting the blood vessel in an at-

tempt to eliminate pathogens in affected tissues [21]. LCPs are a 25 kDa protein bundle,

later identified to be a combination of Cathepsin G, neutrophil elastase, proteinase-3

and azurocidin or heparin binding protein [22]. The activity of LCPs were shown to

be distinct from the activity of lysosomal enzymes and they were the most active an-

timicrobial fraction of PMNs granules owing to the arginine-rich sequence [23]. This

study also made a link between the antimicrobial activity of LCPs and an electrostatic

attraction with the anionic membrane of pathogenic organisms [24].

Neutrophils exert their effects as effector cells in regulating B cell immune re-

sponses by phagocytose with the arginine-rich [25] and cysteine-rich [26] sequence and

destroy the pathogenic species through a two step system; first they use the Reac-

tive Oxygen Species (ROS) generated from phagocyte Reduced nicotinamide adenine
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dinucleotide phosphate (NADPH) oxidase and second they release hydrolytic granule

proteins. Although, the redux reaction necessary for destruction of pathogens only oc-

curs if the complete enzyme has been assembled during activation [27]. Overall, PMNs

show three modes of action; firstly, due to their iron-binding domain they are able to

bind iron and deprive the pathogen of this important compound, secondly, their lim-

ited proteolysis manifest through their N- or C-termini antimicrobial peptides, thirdly,

equipped with antimicrobial effect, they are able to induce microbial death as an iso-

lated entity [28].

From 1970s to 1980s several leukocyte-derived antimicrobial peptides were iso-

lated from rabbits and human PMNs called defensins [29], [30]. This discovery was

made possible upon testing the antiviral capabilities of these peptides [31]. Defensins

provide their antimicrobial effect through a membrane active pore forming model.

These peptides provide a broad antimicrobial activity and are known for their three

conserved disulphide bridges between cystine residues [32]. Another class of important

antimicrobial peptides were also isolated from the C-terminal of bovine, rabbit and

human PMNs identified for their homology to the protease inhibitor, Cathelin called

Cathelicidin [33], [34]. Indolicidin was also extracted from bovine PMNs but unlike

cathelicidin, it does not require cleavage to exert their antimicrobial activity [35].

1.3.1 Cationic Antimicrobial Peptides - CAPs

As mentioned in Table 1.1 Cationic Antimicrobial Peptides (CAPs), are rich in posi-

tively charged and aromatic amino acids that promote a helical structure that includes

turns. Combination of these positively charged amino acids and neutral amino acids

as well as glycine, produces amphiphilic peptides that possess hydrophobic and hy-

drophilic side chains, forming unique structures that are also possible due to the ring

stacking ability of aromatic amino acids often observed in CAPs [36].
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The electrostatic attraction of antimicrobial peptides to anionic pathogenic

membranes, suggests that most antimicrobial peptides are cationic in charge and are

also amphiphilic, meaning they are able to penetrate into the cell wall and interact

with both hydrophilic and hydrophobic parts of the membrane. Although the exact

mechanism of action of antimicrobial peptide is unclear, the cationic and amphiphilic

regions of AMPs are widely understood to be influential in the intensity of their di-

rect microbicidal activity [37]. These positively charged peptides initially accumulate

on the bacterial surface, largely based on initial electrostatic attraction to the anionic

polymers, such as LPS and Lipoteichoic acid (LTA) on the membrane of Gram-negative

and Gram-positive bacteria, respectively. This is followed by a subsequent pore for-

mation and several other complex models including the toroidal-pore or barrel-stave

mechanisms or detergent-like membrane solubilisation, the “carpet-like” mechanism all

leading to the loss of cellular content [38]. It should be noted that, membrane interac-

tions are not the sole mechanism of antimicrobial peptides and the homeostasis caused

by the disruption of the pathogenic membrane is not the only cause of bacteria death

[39].
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1.4 Defensins

Figure 1.1: Differences between the connectivity of disulfide bridges in α-, β- and θ-

defensins where, the superscript of Cysteine residues shows the relative proximity of

the Cysteine residue from N-terminus.

Defensins are broadly microbicidal, cationic, 3-4 kDa, prepropeptides, classified based

on the pattern of their three conserved disulfide bridges stabilising the β-sheet structure

shown in Figure1.1 between six conserved Cysteine residues. Defensins are a part of

innate immune system, with two main classes of human defensins identified; α-defensins

and β-defensins. Additionally, another class of defensins identified as θ-defensins are

found in non-human primates [40]. α-Defensins, originally called hNP, since they were

extracted from human neutrophils or PMNs were the first defensins to be discovered.

Human neutrophils ingest the invading microorganisms, namely bacteria, and control

their division stoping proliferation [29]. Originally PMNs were found to exert their

antimicrobial activity through oxygen dependent means where, oxygen induces the

activation of phagocyte oxidase enzyme. This multicomponent enzyme reduces the

molecular oxygen and forms oxygen radicals. PMNs main bactericidal mechanism

was believed to be the generation of oxidative metabolites [27]. Although this was

later debunked by the discovery of Lysozyme found in phagocytes and secreted from

mucosal epithelia [41]. The discovery of Lysozyme led to the discovery of antimicrobial
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cationic peptides with the aid of the advancements in chromatographic methodologies.

Defensins were amongst the discovered polypeptides showing membrane related activity

towards microorganism in a non-enzymatic manner [42].

1.4.1 Alpha Defensins - α-Defensins

Humans, express six different α-defensins including; hNP1-4 in the primary PMNs

granules [43] and HD5-6 produced from the human Paneth cells and female urogenital

tract [44], [45]. They show a broad spectrum activity towards a multitude of pathogenic

microorganisms and fungi. Similar to penicillin, these peptides are only antimicrobial

against growing cultures of bacteria. These peptides are effected by the physiologi-

cal concentration of cations such as salt alongside serum/plasma components, namely,

Albumin [32]. Precipitation and aggregation of α-defensins during the oxidative fold-

ing in formation of disulfide bonds due to the basic and hydrophobic nature of these

peptides, dramatically reduces their overall yield [46].

Defensin A gene (DEFA) descended from Defensin B gene (DEFB), is usually

outnumbered by the number of β-defensins and are much more scarce, only found in

humans and mammals, where the number of β-defensin genomes ranges from 20-40,

α-defensins have between 1-8 [47]. hNP1-3 are almost identical with the discrepancy

at the N-terminal where an Alanine (Ala - A) is present in hNP1, absent in hNP2

and, changed to Aspartic acid (Asp - D) in hNP3. With proteolytic degradation as

the cause of the absence of an Alanine or aspartic acid residue in hNP2, this peptide

lacks its own gene, hence, there are only 5 genes encoding for α-defensins located on

chromosome 8p23.1 in the human body. 5 − 7% human PMNs proteins belong to

hNP1-3, compared to hNP4 that is much less abundant in PMNs and it also shows a

highly conserved sequence across all species that display this peptide unlike hNP1-3.

Additionally, hNP4 has a higher cationic charge which could account for it’s moderate
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increase in antimicrobial activity [48]. As mentioned α-defensins are not only produced

in PMNs but they are also consistently secreted in the human Paneth cells that were

found in the lining of epithelial cells of the small intestines. HD5 and HD6 are able

to recognise foreign microorganisms approaching the intestinal lumen and are able to

bind to anything including themselves in a non-specific manner [49].

α-Defensins show a β-sheet core structure shown in Figure 1.2 stabilised by the

disulfide bridges that superimpose the rigidity of these peptides thus, protecting them

against their processing enzymes [50]. The α-defensins structure has been attributed

to its three antiparallel β-strands where, β1 and β2 in every seven to eight residues,

are connected with a β-hairpin, ending with two termini of variable lengths.

Figure 1.2: Structure of Human α-defensin 1 produced by VMD software from data

extracted from PBD database.

The presence of disulfide bridges along with the single salt bridge between the

Arginine (Arg - R) and Glutamic acid (Glu - E) residues, help restrain the structure.

The proximity of the Cysteine (Cys - C) residues in the structure also follow a pattern

with, the first two cysteine residues separated by one amino acid and the last two
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adjacent to each other. The Cys residues along with the Arg, Glu and two Glycine

(Gly - G) residues are amongst the conserved residues in α-defensins,[51] according to

Figure 1.3.

Figure 1.3: Sequence alignment result of all six α-defensins where the blue indicates

positively charged residues and the red indicates anionic residues [52].

* Completely conserved residues/ + Partially conserved residues/ · Non-conserved

residues

These conserved residues being the most rigid part of these sequences are, in-

dispensable for the structure and function of α-defensins and its oligomerisation. Sub-

stitution of any of these conserved residues results in the disruption of proteolytic sta-

bility, folding properties and chemotactic activities of α-defensins.[50], [53], [54] The

dimerisation and the ability for higher order multimerisation are among the important

factors for the antimicrobial function of α-defensins through binding to glycoproteins

and bacterial toxins [55], [56].

1.4.2 Beta Defensins - β-Defensins

The first identified β-defensin was found in the bovine trachea and bovine PMNs [12]

and the first hBD, hBD1 was isolated from plasma filtrate in 1995 [57] followed by the

discovery of hBD2 and 3 found from skin flakes of a psoriasis patient.[29] The subse-

quent hBD discoveries were done by the genome analysis of the available β-defensin

sequences [58]. Unlike α-defensins, there are 40 potential coding regions dedicated to
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β-defensins in the human body. DEFB are located in chromosomal region 8p21-p23

which includes the DEFA genes as well, suggesting a common ancestral origin between

DEFB and DEFB1, DEFB4 and DEFB103 genes. Other chromosomal regions for

DEFB genes are 6p12, 20p11.1 and 20p13 [59]. Most β-defensins have a common ge-

nomic organisation with two exons and one intron where the second exon codes for a

pro-peptide [60], [61]. Although DEFB1 follows a different pattern of expression where,

the first exon codes for the signal- and pro-peptide and the second exon codes for the

mature peptide undergoing post transitional modifications and truncation that yields

multiple forms of the peptide ready to be released. This gene also codes for the most

telomeric β-defensins region within the chromosome [62]. DEFB105 is also expressed

differently since it has three exons and two introns, encoding for a short signalling

peptide, mature peptide and a small anionic pro-peptide, respectively [63], [64].

So far only four human β-defensins have been extensively studied with align-

ment shown in Figure 1.4. hBD1 is primarily expressed in the epithelial lining of

the urinary [65] and respiratory tracts [66] and it was found that it shows promising

antimicrobial activity in reduced conditions found in the body, but in it’s oxidised

form where the disulfide bridges are formed, it shows no antimicrobial activity except

towards Escherichia coli (E. coli) [67].

hBD2 has been found, mainly, on the surface of the skin, the gastrointestinal

and respiratory tracts similar to hBD1 and it is mainly secreted as a response to an

inflammation [45], [68]. hBD3 is an exception in that it is, not only found in the

epithelia, it has also been detected in heart, liver, fatal thymus and placenta at lower

levels and it is shown that it is expressed in keratinocytes as a response to stimuli

[63], [69]. hBD4 is mainly expressed in the testis, gastric antrum and in the epithelia

of thyroid gland, lungs, uterus and kidneys. The production of hBD2, hBD3 and

hBD4 are inducible by exposure to pathogenic compounds and cytokines [70]. This is

especially true in the case of hBD2 which is highly expressed in normal epithelial cells
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following contact with microorganisms or cytokine stimulation [67], [71].

Figure 1.4: Sequence alignment result of β-defensins 1-4 only where the blue indicates

positively charged residues and the red indicates anionic residues [52].

* Completely conserved residues/ + Partially conserved residues/ · Non-conserved

residues

During an investigation on hBD3 peptides folding structure and the charac-

terisation of their antimicrobial effect, it was concluded that hBD3 requires disulfide

bridges for the initial attraction to the pathogenic compound, however, disulfide bridges

are not necessary for it to exert its toxic mechanisms towards E. coli [72]. It was also

shown that the introduction of D-amino acids abrogated the need for a disulfide bridge

for exhibiting activity, likely due to the increase in the stability of the peptide when

D-amino acids are introduced in the structure [73].

1.4.3 Theta Defensins - θ-Defensins

θ-defensin genes Defensin T gene (DEFT) arose from the mutation of DEFA gene [74]

even though these peptides only exist in non-human species [75] These defensins show

impressive antimicrobial and antiviral activity whilst maintaining low toxicity, made

up of 18 amino acids taking a cyclic backbone formation. The presence of a premature

stop codon in the inherited DEFT genes that renders its translation, is the reason for

the lack of θ-defensin in humans and other invertebrates [76]–[78].
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1.5 Mechanisms of Antimicrobial Peptides

The mechanism of antimicrobial peptide activity has been poorly understood due to the

number of different ways they can exert their antimicrobial effect against pathogens.

There are many variables that can effect this activity and that only complicates the

study of AMPs further, leading to difficulty in designing reproducible methodologies in

the laboratory. Variables such as; number of amino acids, secondary structure, peptide

concentration, salt concentration, number of hydrophobic and hydrophilic amino acids

present in the sequence of the AMPs and, the charge of the peptide can effect the

mechanism of their activity [79]. Although studying these mechanisms is difficult, they

have been extensively documented and can be divided into two types of interactions.

First, is membranolytic mechanisms where the peptide can either induce dif-

ferent types of membrane protrusion leading to cell content leakage [80]. This mem-

branolytic mechanism, also includes insertion of AMPs inside the membrane without

disrupting its structure and effect intracellular systems. Second, is non-membranolytic

mechanism where AMPs effect the immune system and allow the presence of white

blood cells in the site of infection or inflammation [54].

1.5.1 Membranolytic Mechanisms

Most AMPs are initially attracted to pathogens through electrostatic attraction to the

negatively charged molecules on the membrane [79]. For example, defensins initiate

activity towards pathogens through a “fatal attraction” towards the anionic microbial

membrane due to their cationic nature, culminating in target cell death elicited mainly

through microbial membrane disruption and leakage of cellular contents. These nega-

tively charged biological molecules are normally not present in the outer layer of human

cells and eukaryotes. Therefore AMPs are not normally attracted to normal human
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cells [81].

Mechanisms which cause the leakage of cytoplasmic content and membrane rup-

ture include, toroidal formation, carpet formation, and barrel stave formation. These

have different ways in which they effect the bilayer but all ultimately lead to membrane

disruption and bacterial inhibition. The schematic view of each of these mechanisms

can be found in Figure 1.5.

Figure 1.5: Membrane dependent mechanisms of activity exerted by different antimi-

crobial peptides.

As shown in this figure the barrel stave mechanism starts by the formation of

a peptide assembly on the membrane as they insert and form a channel resembling

an ionic channel within the membrane where the existing phospholipid molecules are

replaced by the new peptides, hence, forming a water filled pore inside the membrane

bilayer [82]. On the other hand, the toroidal mechanism, similar to barrel stave, requires

the lodging of the peptide between the membrane but in this case the peptide rearranges

the phospholipid bilayer and becomes a part of the membrane forming a channel-like

structure around the curvature of the membrane as opposed to a pore by replacing the

phospholipid molecules completely [83], [84] where the water core is lined by both the
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inserted peptides and the lipid head groups [38]. The carpet mechanism differs from

the two mechanisms, where, the peptide is able to attach parallel to the membrane and

line it like a carpet [13]. Once the critical concentration of the peptide attached on the

membrane surface is reached, hydrophilic residues face the polar lipid head groups and

the hydrophobic residues face toward the lipid tails leading to the disintegration of the

membrane and eventually the formation of micelles with peptides on the outside and

the phospholipids on the inside [85]. This mechanism is not dependent on the peptide-

peptide interactions and does not require the peptide length to span the full length

of the membrane height to form a pore in the bilayer. Therefore, many antimicrobial

peptides show this type of antimicrobial activity [38].

1.5.2 Non-Membranolytic Mechanisms

There is structural evidence, such as the similarity between the activity of L- and

D-versions of the AMPs against the same pathogen, that explains the presence of non-

membranolytic pathways that does not depend on the structure of the peptide. Instead

it depends on targeting the pathogen’s intracellular molecules or the cross talk between

the peptide and the adaptive immune system [86]. According to numerous studies,

α-defensins are able to communicate through different signalling pathways and warn

the adaptive immune system regarding the presence of pathogenic microorganisms [87],

[88]. Over numerous decades other species such as plants and fungi have survived using

defensins and they lack an adaptive immune system, hence, it is apparent that the main

mode of action for defensins is through membranolytic activities plus their ability to

form net like structures that encapsulates foreign entities and the communication of

defensins to the adaptive immune system is an ancillary service [49]. Additionally,

some defensins interact with the nucleic acid and disrupt the production of proteins

but do not show any membrane activity, supporting the idea that some AMPs show

non-membranolytic activity displayed in Figure 1.6. Another hypothesis is the presence
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of certain effector molecules that facilitate the permeabilisation of the membrane and

the subsequent uptake of AMPs [89].

Figure 1.6: Non membrane dependant antimicrobial activity through signalling the

adaptive immune system through inflammation and infection. AMPs have chemo-

taxis ability to towards Immature Dendritic Cells (iDC), monocytes/Pre-Dendritic cells

(DCs), PMNs, modulation of lymphocyte activity and/or proliferation, alteration of

the local cytokine environment, direct iDC activation via Toll-Like Receptor 4 (TLR4),

or generation of primed iDC with enhanced antigen uptake and presentation capacity

[90]. Dots represent antimicrobial peptides

The stabilised form of the disulfide bridge in hNP1-3 and HD5, is necessary

for the neutralisation of bacterial toxins,[91] inhibition of Tumour Necrosis Factor-

α (TNF-α) secretions by macrophages [92] and binding Envelope glycoprotein 120

(gp120) of Human Immunodeficiency Virus 1 (HIV-1) and bacterial cell wall Lipid
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II, a membrane bound peptidoglycan precursor [93]. Their activity against Gram-

negative bacteria is attributed to the disruption of bacterial membrane whilst they

also exhibiting lectin-like activity towards glycosylated proteins. hNP1-3 deferentially

modulate cytokine response of activated monocytes, through chemotaxis of human

monocytes. This process enhances the TNF-α and Interleukin-1β (IL-1β) expression

in addition to being a signalling molecule for iDC and naive human CD4 and CD8 T

cells [94]. In addition, whilst enhancing systemic Immunoglobulin G (IgG) antibody

responses, α-defensins do not effect Immunoglobulin A (IgA) response and provide a

bridge between B- and T-cell interaction linking the adaptive and innate immunity

[95]. The aggregation of defensins, in presence of bacterial toxins and binding to gp120

allows the dimerisation and formation of higher order aggregates in solution [96]. As

DCs are important molecules for inflammation and allergy presentations, hBD1 shows

a massive contribution to the progression of skin inflammation and allergies through

chemotaxis towards DCs that increase antigen uptake and the production of mature

DCs and or their activation through Chemokine receptor (CCR)6 and TLR4 [97].

1.6 Activity of Antimicrobial Peptide

Biological membranes are a mosaic combination of Proteins and Phospholipids, whilst

Sterols and Glycerides also contribute to the surface topology and biochemical ar-

chitecture of bio-membranes. The fundamental differences between mammalian and

pathogenic membranes are attributed to the variation in: membrane composition and

architecture; energetics such as transmembrane potential and polarisation; and struc-

tural features including the presence of Sterols, LPS and Peptidoglycan. Hence, the

interaction of AMPs and more specifically defensins towards pathogenic cell membrane

differs from the interaction with mammalian cells and the degree in which, antimicro-

bial peptides can differentiate between the two membranes is an important factor that

18



Introduction and Literature Review

should be considered when designing a biological agent [98], [99]. Figure 1.7 shows the

differences between the normal mammalian membrane and the bacterial membranes.

Figure 1.7: Comparison of Gram-negative, Gram-positive and eukaryotic membrane

bilayer.

Although, these variations contribute to the difference in the antimicrobial ac-

tivity of defensins against different cell types, they are not the sole reason for the

attraction of these molecules to specific membranes. Defensins target cells based on

interior complexities as well as membrane attraction and the idea of electrostatic attrac-

tion mainly through the outer membrane has been rendered obsolete [100]. Defensins

chemoattract and lead to activation of different immune cells [81], [87], [94], [101],

[102], they also regulate cytokine production [81], [92]. They interact with the com-

plement system [81], and they promote wound healing via growth of epithelial cells
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[81], [103]. Since AMPs adapted to perform their antimicrobial activity on pathogens

through different countermeasures, it is difficult for the pathogens to develop immunity

against these molecules. The development of immunity towards AMPs will only induce

another pathway to fight against the pathogens.

1.6.1 Bacterial, Viral and Fungal Activity

The presence of Lipid II on the outer membrane of some bacterial species increases

the activity of Nisin, a small amphiphilic antibiotic peptide, through liposomal leakage

and disruption of peptidoglycan production leading to permeabilisation of the bacte-

rial membrane [104]. Nisin can also displace the Lipid II from cell division and block

cell wall synthesis [105]. The activity of HD5 and hNP1 against non-envelop viruses,

Human Adenovirus (AdV) and Human Papillomavirus (HPV), is related to their hy-

drophobic core and more specifically the hydrophobic side chains on one side of the

peptide only [106]. Although, prior to this revelation, the importance of Arg residues

in the antiviral activity was highlighted [107]. The presence of Tryptophan(Trp-W)

residue in hNPs also, plays one of the most important roles in the activity of this

defensin. Substitution of Trp with an Alanine (Ala-A) residue significantly impacts

the ability of hNPs to kill Staphylococcus aureus (S. aureus), bind to gp120 and self

aggregate and dimerise especially, since dimerisation disrupts the lipid bilayer [108],

[109]. The binding and interaction between hNP1 and Lipid II, and the interaction

between hBD1 and chemokine receptor, CCR6, show a different mode of action than

their interaction with non-envelop viruses, indicating that the differences in the impor-

tant residues show varying activity against different types of pathogens. On the other

hand, hBD1 induces Chemokine ligand (CCL)20, a CCR6 ligand, release in Periph-

eral Blood Mononuclear Cell (PMBC), inhibits HIV infectivity by 50%[110] through

indirect upregulation of hBD3, a known HIV-1 coreceptor CXCR4 antagonist [62].
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Not all defensins, in a similar class, show the same mode of action to every

pathogen and the reality of the anti-pathogenic action is much more complicated than

the initial electrostatic attraction [111], [112]. The presence of disulfide bridges in HD5

induce the secretion of Interleukin-8 (IL-8) in the intestinal epithelial cells [81] and

block the viral capsid assembly, inhibiting AdV infection [113]. Removal of disulfide

bridges affect the activity of hNP1 and HD5 in a way that does not effect their activity

against E.coli but it inactivates them against S. aureus, proving that they show different

modes of action towards different bacteria [81], [113]. In contrast hBD3, with the net

charge +11, shows toxic effect towards Gram-negative and Gram-positive strains of

bacteria regardless of the presence of its disulfide bonds [81], [114]. The presence

of hBD3 [115] and hBD4 help mast cell degranulation through activation of Mitogen-

activated Protein Kinases (MAPK), p38, and Extra-cellular–regulated Kinase (ERK)1-

2, promoting wound healing and inflammatory response [116]. β-Defensins appear to

have a positive impact on catabolic pathways in articular cartilage formation leading

to the breakdown of the extracellular matrix [117]. Defensins are able to bind to the

host cell receptors and they play an important role in innate and adaptive immunity

and in addition to the membrane and lipid binding activity, defensins, also bind to

carbohydrates and nucleic acid. As an example by cross-linking the glycoproteins on

the host membrane surface they prevent the attachment of influenza virus [118]. It

has been reported that some cariogenic bacteria, including Streptococcus mutans (S.

mutans), are susceptible to human β-defensins and LL-37. This is also supported by

the excess presence of β-defensins in children with dental caries presentation. Dental

caries refers a condition where the presence of bacteria such as S. mutans causes tooth

decay [119].

Many studies have shown that the L- and D-enantiomers of antimicrobial pep-

tides provide the same activity and mechanism for the inhabitation of pathogens. L-

and D-hNP1-3 show the same activity against E. coli where they stop the synthesis

of DNA, RNA and proteins and render the colony production [96], [120]. Studies per-
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formed on bacteria and Candida albicans [121] also show the same pattern with the

L- and D-enantiomers of different AMPs [122]–[124]. On the other hand the D-hNP1

and D-HD5 showed lack of activity against S. aureus. The presence of a thick layer

of peptidoglycan covered in LTA and the thin layer of peptidoglycan covered with an

outer membrane with LPS on the outer surface in S. aureus and E. coli, respectively,

can explain the [125] discrepancies between the two different experimental outcomes

[126]. The initial attraction of cationic peptides to the anionic components of bacterial

cells such as LPS and LTA is evident and it is the first point of contact and uptake

for the peptides, however the subsequent antimicrobial activity in S. aureus is affected

by chirality dictating that the first attraction does not necessarily induce antimicrobial

effect and subsequent bacterial killing is effected further by other pathways and mech-

anisms of action [127]. Although AMPs have shown non specific affinity for different

anionic membrane molecules α-defensins display a special affinity towards glycosylated

molecules. Since most cell surface molecules are glycosylated and anionic, there is an

enhanced affinity for these molecules to bind through highly reversible non-covalent

means, dependent on relative affinity constant and diffusion-limited flow rates [128],

[129].

Since AMPs adapted to perform their antimicrobial activity on pathogens through

different countermeasures, it is difficult for the pathogens to develop immunity against

these molecules. The development of immunity towards AMPs will only induce other

pathways to fight against the pathogens [99]. The resistance of bacteria to the antimi-

crobial peptide and namely the presence or the absence of disulfide bridges in defensins,

depend on many factors such as, the susceptibility of the bacteria itself, the testing

conditions and the bacterial growth phase, presence of other metabolites and glucose

[120].
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1.6.2 Anticancer activity

Due to the presence and over expression of anionic molecules and the increased o-

glycosylated mucins on the surface, the overall charge of cancer cells is negative [130].

Phosphatidylserine (PS) is an anionic immunosuppressive phospholipid molecule lo-

cated in the inner membrane, whilst, the phospholipids and phosphatidylcholines are

localised primarily on the outer membrane of normal eukaryotic cells. As a result of

injury, apoptosis or hemostasis complement cascade is activated which allows the pas-

sage of PS to the outer membrane. This is mainly due to oxidative stress in the cell

environment during apoptosis, that lead to the Ca+2 influx and low flippase activity

[131], [132]. Although the presence of PS in the outer leaflet leads to phagocytosis

via macrophages, the presence of the CD47 which, is over expressed in many cancer

cells, inhibits tumour phagocytosis [125]. The over expression of CD47 on the outer

membrane of myeloid leukaemia, breast cancer and prostate cancer cells will not only

lead to escaping the phagocytosis but it also leads to escaping the immune surveillance

that leads to poor prognosis and metastasis of the tumour cells [133].

As PS is an anionic molecule it leads to the attraction of CAPs, hence antimi-

crobial peptides are able to be used in defence against cancer cells not only through

the initial electrostatic attraction to PS but also through their mechanisms to signal

dendritic cells and aid with phagocytosis. DEFB1 promotes apoptosis of cancer cells

through its assumed tumour suppressor abilities [134] and its absence in most tumour

samples [135]. The under expression of hBD1 in prostate [134] and an exon mutation in

the hBD gene clusters in colon [136] cancer have shown to be linked to poor prognosis

and the growth of the cancer cells.

Although chemotherapy is the best course of action for many cancer types it is

not the best way to go forwards due to its lasting side effects for the patients and its

non-specific mode of action where it is as toxic to normal cells as is to cancer cells.
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Some cancer cells can also develop resistance towards chemotherapeutic drugs through

the presence of membrane associated proteins such as P-glycoprotein and the Multi-

drug Resistance Associated Protein (MRP) turning into efflux pumps [130], [137]. The

hydrophobicity of the AMPs has been linked to its activity towards the cancer cells

and numerous research have shown that the relationship between the hydrophobicity

and the therapeutic index is a bell curve rather than the proposed linear correlation

meaning, as the hydrophobicity of AMPs reaches its threshold of effectiveness its ther-

apeutic index decreases towards the cancer cells [138]. Antimicrobial peptides can be

used in cancer therapeutics in different ways including: vaccines that mimic tumour

antigens known as Tumor-Associated Antigens (TAAs) that can be recognised by T

cells; tumour targeting with radioisotopes and cytotoxic drugs; and peptides that im-

pact angiogenesis [139].

1.7 Limitations of Antimicrobial Peptides

Although antimicrobial peptides show a variety of different amino acid sequences, they

are limited to having a few different structural paradigms. The complexity of these

molecules and their attraction to different cell types highlights their multiple roles

in host defence, showing a variety of use as a pharmaceutical agent. Issues with their

pharmacokinetic abilities has been highlighted in the past that requires specific changes

implemented in their sequence of amino acids to provide a higher pharmacokinetic abil-

ity for each application individually as opposed to being used for several purposes at

once [10]. In addition, AMPs are easily hydrolysed and show poor transport capabili-

ties across membrane barriers in vivo leading to poor tissue distribution which limits

their clinical usefulness. Chemicals such as salt concentration [140], changes in the

pH[141] and the presence of proteases or other plasma components [142] can also effect

the function of the antimicrobial peptides significantly decreasing their antimicrobial
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activity. The lack of bioavailability caused by insolubility and instability of peptides

is related to their intrinsic physicochemical properties. This in turn causes potential

toxicity to host cells, poor pharmacokinetic performance, and large scale production

costs that lead to limitations that in turn effect the interest in these molecules as drug

targets and negatively effect the research into antimicrobial peptides [143]. Addition-

ally, limitation in the experimental designs such as, measurement of the hemolysis and

or erythrocyte permeabilisation in which the cytotoxicity of the antimicrobial pep-

tides are measured that are a poor representation of the actual cytotoxic capability of

the peptides since these molecules show different activity in vivo and in contact with

different cell types [100].

Despite the mentioned limitations, different modifications have been suggested

to reduce the toxicity of AMPs whilst increasing its pharmacokinetic abilities [10],

[144]. The use of un-natural amino acids has been suggested in previous research

to help the stability of the peptide against hydrolysis. Another method to improve

the pharmacokinetics abilities of AMPs is vector-mediated delivery of genes encoding

membranolytic or apoptotic AMPs into the targeted pathogen. Conjugation of AMPs

to homing peptides has also been suggested to reduce the toxicity and increase the

pharmacokinetics abilities of AMPs [7]. Other useful ways to increase the effective-

ness of AMPs include cyclisation, micelle formation [145], changes in chirality of the

amino acid, and pegylation [146]. It is also important to choose a model that is more

representative of the effect of peptide in vivo.

1.8 Antimicrobial Peptide Design

Strategies such as alteration of antimicrobial peptides via amino acid substitution can

be employed to reduce its toxicity and increase the antimicrobial activity of the orig-

inal AMPs. This strategy has been successfully used to produce peptides such as
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bactenecin [86], polyphemusin [143] and, indolicidin [147]. Another strategy focuses on

the truncation of already existing antimicrobial peptides to see the activity retention

of the peptide which can then be used to find the effective sequence composition of

a longer antimicrobial peptide and use the much smaller version of the peptide with

similar antimicrobial activity, reducing production cost [148]. Although it is difficult

to achieve antimicrobial activity with peptides shorter than 8 amino acids, examples

such as the 6 residue bovine lactoferricin was shown to have equivalent antibacterial

activity compared with the full-length 25-residue lactoferricin B peptide [28]. Other

strategies such as removal of disulfide bonds of certain AMPs that display these bonds

can be employed, however, they do not necessarily make use of them in their activity

towards certain bacterial types. This is especially true in the case of α-defensin where

the disulfide reduction or replacement of cysteine residues with alanine lead to loss of

β-sheet core [49].

These strategies can be used but they are often time consuming and require

many synthesis efforts to produce peptides that are not always showing the desired

effect expected from the modification. Therefore other strategies are needed to find

the most optimised sequence of a novel AMPs, focusing on the identification of sequence

patterns, crucial residue positions and amino acid frequencies from known AMPs. This

information is used to build a predication model to generate a library of AMPs based

on already existing sequences [149]. All the prediction methodologies heavily depend

on the sensitivity of the prediction model to minor changes in the sequence that can

predict the small impact it can have on the antimicrobial activity [99].

Additionally, the most rational and widely used strategy is the Quantitative

Structure-Activity Relationship (QSAR) model which, predicts the biological activity

of the antimicrobial peptide using physicochemical descriptors found from their amino

acid sequences [150]–[152]. Prediction of an active AMP sequence is also performed,

using de-novo models based on the frequency and the position preferences of different
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amino acid residues in a library of active antimicrobial peptides. Use of these method-

ologies can guarantee sequence diversity of the peptide library with a variety of different

composition, tridimensional structures, and mechanisms of action whilst preserving the

antimicrobial activity of the designed peptide [149]. Predictive models can be used to

find the likelihood of the presence of a certain amino acids at each position. These

can help determine the combination of amino acids in the correct position to have an

antimicrobial effect and reduce the cytotoxicity behaviour of the subsequent peptide.

The determination of the position of the amino acid can also help with determining

the structure of the designed peptide [151], [153].

These methodologies can be further enhanced by including known amino acid

residues that cause antimicrobial activity and help increase their broad spectrum ac-

tivity. Residues such as Trp that help π-stacking with Proline (Pro - P) residues and

Pro residues inducing turns in the structure of the peptide or residues that increase the

cationic charge of the peptides such as Arg and Lys residues in pardaxin, magainin-II

and, β-defensin was found to increase their antimicrobial activity [154].

1.8.1 Antimicrobial Peptide Databases

Different peptide libraries can be used to perform the de-novo design of AMPs. These li-

braries have all been curated towards a specific function of peptides but they are mostly

consisting of peptide showing antimicrobial activity. Antimicrobial Peptide Database

(ADP) is an original database released in 2003 and it is currently housing 3324 natural

peptides with known sequence and activity towards different pathogens and cancer cells.

It enables sequence alignment and prediction of peptide structures [155]. Data reposi-

tory of antimicrobial peptides (DRAMP) is a manually edited open source database of

22407 different peptides and their subsequence sequences, structures, activities, physic-

ochemical, patent, clinical and reference information opened in 2013. Similar to ADP
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it allows for sequence alignment but it also predicts the activity of the peptides [156].

Collection of Anti-Microbial Peptide (CAMP) was created antimicrobial family stud-

ies and it contains 1386 AMPs with information regarding their conserved sequences

captured as patterns and Hidden Markov Models (HMMS). This database also allows

sequence alignment and provides information regarding the protein structure, activity,

and target organisms plus it is linked to databases like UniProt and PubMed [157].

Figure 1.8: Venn diagram representing the

numbers of overlapping and non-overlapping

sequences between different databases.

Database of Antimicrobial Ac-

tivity and Structure of Peptides (DBAASP)

is a manually-curated database de-

signed to help the scientific commu-

nity to design antimicrobial compounds

with a high therapeutic index housing

18405 monomers. It provides informa-

tion regarding the physicochemical pa-

rameter of the peptides and sequence

alignment of de-novo designed peptides

[158]. Figure 1.8 shows a Venn dia-

gram of overlapping sequences between

the databases.

1.9 Application of Antimicrobial Peptides

Peptides have many different uses in terms of their therapeutic capabilities. They

can be used in hydrogels as a delivery method for therapeutics and wound dressing

for their antimicrobial capabilities. Peptides encoded in DNA plasmids are able to

target different pathogens and cancer cells alike. Surface coatings of metallic and
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prosthetic implants such as catheters, hip, knee implants, and contact lenses, coated

with antimicrobial peptides hinder biofilm formation, hence decreasing pre-implant

infection on wounds [159]. Although expensive, AMPs can be used as sprays to disinfect

different surfaces such as tooth surface for the treatment of dental caries. GERM

CLEAN designed by Xiong. et.al was found to have impaired the attachment, biofilm

formation, and acid production of S. mutans to the teeth [160].

Methods for the modification of different material surfaces include the physical

and chemical modifications. Chemical modification refers to the conjugation of the

antifouling agents on the surface of the material via a spacer. These agents are in a

fixed position and they provide their effects based on the attachment of the bacteria.

Advantages of using such mechanism is the presence of a clear structure adapted upon

conjugation and the clear antimicrobial effect of these agents. Disadvantages include

the presence of dead bacteria on the surface of the material and inability to reach the

implanted area for removal of bacterial agents [161]. Physical modification refers to the

formation of hydrogels and coating of surfaces with antimicrobial agents to release when

needed and necessary into the implanted area. This modification can help to eliminate

the bacteria agent and prevent the formation of biofilm on the surfaces before the

attachment of bacteria and colonisation as well as escaping resistance mechanisms. On

the other hand the mechanism of action of these modifications are not clear and they

do not have a clear structure. A mixture of both could be helpful on a material surface

to provide full immunity and help combat biofilm formation [162].

Peptides are widely utilised as model systems in biophysics due to their unifor-

mity, purity, and compatibility with numerous physical and spectroscopic approaches.

Production of peptide model systems provide useful information on the protein sec-

ondary structure through the break down of amino acid propensities and the affect

they have on the formation of such structures [6], [163].
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1.10 Introduction to the hypothesis

The the structure of the hBD1 peptide consists of two beta-sheets and an alpha-helix at

the N-terminus [111] and there are many residues that are important for the activity of

this peptide in chemotaxis and general attraction to pathogens through the electrostatic

charges. hBD1 has also shown capabilities in dimerisation in their quaternary structure.

It was shown in many of the studies that the presence of disulfide bridges could be

diminished if only electrostatic attraction is desired as seen with hBD3 since cysteines

are hypothesised to only be relevant for chemotactic capabilities, as is the case for

hBD3 [110], [164]. Shown in Figure 1.9 is the structure of hBD1 and hBD3.

Figure 1.9: Structure of hBD1 on the left and hBD3 on the right hand side. Both

structures share a pattern of double β-sheet and an α-helix at the N-terminus.

In this research the aim was to reduce the size of the sequence to overcome the pro-

duction cost and increase the stability of the defensins; hBD1 and hBD3 [165]. The

proposed methodology was to first remove the Cysteine residues from the sequence of
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these peptides and truncate the whole sequence by the removal of amino acids so that

the majority of the amino acids would still align to the original parent peptide. This

hypothesis was formed due to the nature of the antimicrobial activity of these peptides

in their oxidised form and the importance of disulphide bridges only as an initial point

in the attraction of these peptides to pathogens.

1.10.1 Aims and Objectives

The aim of this thesis was to: Design peptides based on either hBD1 or hBD3 that

shows broad spectrum antimicrobial activity whilst showing minimal cell toxicity.

The objectives for this thesis were: To ensure the designed peptide shows an

alpha helical structure.

To ensure serum stability or retain of antimicrobial activity even after degrada-

tion.

To ensure the designed peptide shows antimicrobial activity across a wide spec-

trum of bacteria from Gram-negative to Gram-positive.

To ensure the designed peptide does not show cytotoxic effect. synthesise a

peptide with a broad spectrum of activity against both Gram-positive and Gram-

negative bacteria whilst showing minimal cytotoxincity and not to be effected and

degraded by the serum presence in human blood.

To keep the antimicrobial activity of the original peptide intact or increase its

activity with the change of its structure and amino acid sequence.

To successfully retain the antimicrobial activity of these peptides even after

removal of the cysteine residues from the original sequence.
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2.1 Materials

2.1.1 Peptide synthesis

All N-terminals of the amino acids were protected with Fluorenylmethoxycarbonyl

(Fmoc) groups and the side chain was also protected with proper protecting groups.

Amino acids; Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Lys(Boc)-OH,

Fmoc-Trp(Boc)-OH along with Fmoc Rink Amide ProTide Resin (Loading 0.25 mmol/g)

and Oxyma Pure(Ethyl cyano(hydroxyimino)acetate)) were purchased from CEM Mi-

crowave Technology and Fmoc-Tyr-OH, Fmoc-Ser-OH, Fmoc-Val-OH, Fmoc-Thr(tBu)-

OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ile-OH, Fmoc-Lue-OH, Fmoc-Asp(OtBu)-OH, Fmoc-

Phe-OH, Fmoc-Gln(Trt)-OH, Fmoc-Pro-OH, Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH

along with the solvents and reagents used for Solid Phase Peptide Synthesis (SPPS) and

cleavage components: Dichloromethane (DCM) (≥ 99.8%), N,N-Dimethylformamide

(DMF) (≥ 99.8%), N-Ethyldiisopropylamine (DIC) (Biotech grade, ≥ 99.5%), Car-

boxyfluorescein (BioReagent, HPLC ≥ 95%), Piperidine (Biotech grade, HPLC ≥

99.5%), Trifluoroacetic Acid (TFA) (HPLC grade, ≥ 99%) and Triisopropylsilane

(TIPS) (≥ 99%) were purchased from Fisher Scientific [Fisher Scientific, 2019]. The

purity of all amino acids was above 98%. The anhydrous diethyl ether (Et2O) of HPLC

grade for the precipitation of peptides was purchased from Fisher Scientific. The Phos-

phate Buffer Saline (PBS) pH7.4 used for the release studies and dissolving peptides

was purchased from Sigma-Aldrich.

2.1.2 Peptide Characterisation

All solvents used for analytical chemistry were purchased from Sigma-Aldrich for HPLC

grade solvents. This includes Water, Acetonitrile, Ethanol. Formic acid was purchased

from Alpha Aesar [Alpha Aesar, 2022]. Dry ice was supplied via ice deliveries from
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School of Chemistry and Dentistry [University of Birmingham]. For Circular Dichroism

(CD) experiments the Sodium Dodecyl Sulphate (SDS) powder and Dodecylphospho-

choline (DPC) were purchased from Sigma-Aldrich [Sigma-Aldrich, 2022] along with

the LTA and LPS were purchased from Merk [Sigma-Aldrich, 2022]. For the peptide

stability studies the RPMI1640 media was purchased from Sciencell [Biotrend, 2022]

and the Human serum used was purchased from Merk [Sigma-Aldrich, 2022].

2.1.3 Antimicrobial Studies

The Muller Hinton Broth (MHB) and Tryptic Soy Agar (TSA) were purchased from

Sigma-Aldrich [Sigma-Aldrich, 2022]. E. coli of ATCC 25922 strain, Pseudomonas

aeruginosa (P. aeruginosa) of PA01 strain and S. aureus of 8325-4(SH1000) strain

were used in this study supplied by the School of Dentistry [University of Birmingham].

The antibiotics used as a positive control for bacteria are Ciprofloxacin, Polymyxin B

and Vancomycin respectively all purchased from Sigma-Aldrich. PBS was also made

using Phosphate Buffered Saline (PBS) capsules purchased from Sigma-Aldrich [Sigma-

Aldrich, 2022] with deionised water from MiliQ.

2.1.4 Cell Culture Studies

Epithelial HeLa cells used in this study were supplied by the School of Dentistry [Uni-

versity of Birmingham]. The cells were started from passage number 2 and they were

split using Dulbecco’s Modified Eagle Medium (DMEM) High Glucose, Fetal Bovin

Serum (FBS), L-Gultamine, 0.25% Trypsin, 0.1% EDTA [-] Sodium Bicarbonate from

Corning [Corning, 2022], and Penicillin-Streptomycin (5,000 U/mL) all purchased from

Thermofisher Scientific [Thermofisher Scientific, 2022]. The CyQuantTM MTT Cell

Viability Assay kit purchased from Invitrogen to [Invitrogen, 2022] was used to de-

termine the viability of the cells. PBS was also made using PBS capsules purchased
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from Sigma-Aldrich [Sigma-Aldrich, 2022] with deionised water from MiliQ. The me-

dia used to perform the MTT assay was Gibco DMEM 1x, high glucose, HEPES, no

phenol red [Gibco, 2022]. Sterile Dimethyl sulfoxide (DMSO) used as negative control

was purchased from Sigma-Aldrich.

2.2 Peptide Synthesis

Solid Phase Peptide Synthesis SPPS uses amino acid building blocks mounted on a

resin of choice based on solid phase peptide synthesis developed in 1960s.[166] This

method includes 4 different steps starting with swelling of the resin of choice which is

fastened with a linker (Number of linker measured by mmoles of linker per gram of

beads) via immersion in an appropriate solvent. This, will increase surface area of the

resin and insure that the linker groups on the resin are exposed to as many amino acids

as possible, increasing the yield of peptide production.
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Figure 2.1: Removal of Fmoc from the N-termini of amino acid using a strong base.

[167]
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The amino acids in SPPS should be protected on the N-terminus, to prevent

undesired side-chain reactions. Fmoc fluorescein is one of the common N-terminus pro-

tection groups shown in Figure 2.1 and the process in which these amino acids are used

to perform SPPS is called the Fmoc/tBu SPPS. The cleavage of this protecting group

can also aid in tracking the process of amino acid coupling using UV-Vis spectroscopy.

In order to begin the process of SPPS the Fmoc group is removed from the protected

resin. This process is called the deprotected step and it is usually performed using

a base that allows the cleavage of Fmoc group from the N-terminus.[168] Once the

amino acid is ready for reaction, the coupling reagent and its corresponding base are

added to provide the basic environment needed for the amide bond formation. Once

the peptide bond is formed between the amino acids and the resin according to Figure

2.2 and the uncoupled amino acids are washed away. Each peptide in this study was

Fmoc deprotected with the last N-terminus in its free form. The cleavage from the
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solid support is performed using a strong acid such as TFA [169].

Figure 2.2: Coupling of the first amino acid to the rink amide resin using DIC and

Oxyma pure [170]–[172]as activator and base respectively

The SPPS preparation of the peptides were performed using the Automated

Microwave Peptide Synthesiser [CEM, 2019]. This instrument was equipped with a

microwave, which allows for a more efficient synthesis by shortening the synthesis time

due to the presence of microwave irradiation and the use of Nitrogen Gas in pressure

addition by the idea of liquid displacement. The scale of production was set as 0.10

mmol. The resin used in this experiment was the Rink amide (200-400mesh) with the

resin loading of 0.25 mmol/g. The synthesis was performed with DMF as the main

solvent and the deprotection step was performed using 20% Piperidine in DMF whilst
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the coupling was performed using CarboMax chemistry with DIC [173] as the activator

and Oxyma Pure(Ethyl cyano(hydroxyimino)acetate) as the base. The program was

set to perform deprotection, wash, coupling followed by two more washing steps for

single coupling that lasted 4 minutes. There was a longer 8 minutes long coupling cycle

designed for bulky amino acid residues where the coupling lasted 8 minutes and the

remaining steps were the same the shorter coupling. For Arginine(Arg - R) residue

the coupling was performed twice which accompanied a wash in between each addition

of the coupling mixture. The single 4 minute coupling was performed on all amino

acids and for the amino acids with the bulkier side chains such as, Tryptophan(Trp -

W), Proline(Pro - P), Lysin(Lys - K) and Phenylalanine(Phe - F) the 8 minute long

coupling was used.

Once the resin was removed from the reaction vessel the DMF was removed

using vacuum filtration and washed with 3x7ml of DCM the solvents removed and

the resin was washed with 2x7ml of cold diethyl ether to ensure the complete removal

of DMF which prevents the cleavage process from continuing as normal. After the

wash step the peptides are let to dry for one hour in a desiccator. The cleavage step

was then performed using a cleavage cocktail of 95% TFA with 0.5% TIPS added

as the scavengers to minimise the side chain interactions followed by the addition of

0.5% deionised water for 2 hours at 36◦C. The cleavage cocktail was removed through

vacuum filtration and the filtrate was added to 4x50ml falcon tubes containing 20ml

ice cold diethyl ether to pellet the cleaved peptides after placing the falcon tubes inside

a refrigerated centrifuge for 10 minutes at 4400rpm speed. The cleavage procedure can

be found in Figure 2.3.
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Figure 2.3: Cleavage procedure from the solid support [174]

2.3 Peptide Characterisation

The peptide yield and efficiency can be measured using different techniques but Liquid

chromatography–mass spectrometry (LC-MS), the recommended technique, used to

provide both the mass and the retention time of the peptide is a preferred technique

for peptide analysis and determination of their purity. For the purpose of this research
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a combination of LC-MS and Matrix-assisted laser desorption/ionization mass spec-

trometry (MALDI-TOF) is used to first determine the purity of the peptide prior to

cleaning and after this step and second to find the retention time of the peptide to

be used for the cleaning step with preparation High Pressure Liquid Chromatography

(HPLC) [169], [175]. Peptide characterisation helps to find the purity and the efficiency

of the synthesised peptides.

It is important to identify the purity of the peptides since there are three levels of

acceptable purity when handling peptides. The peptides purities and their applications

listed in Figure 2.4 can be used as a guid to decide the purity needed depending on

the application. The purity of peptide is originally measured using a Reverse Phase

LC-MS and the peptide is further tested using MALDI-TOF mass spectrometry and

CD to perform structural analysis for the peptides.

Figure 2.4: Peptide purity levels and their applications[176]

2.3.1 Liquid Chromatography-Mass spectrometry(LC-MS)

To find the retention time and quantify the peptides purity LC-MS is utilised. The

instrument used was Waters SQD LC-MS [Waters, 2022], located in School of Chem-

istry, Mass Spectrometry Facility [University of Birmingham]. The methodology for

LC-MS depends on the peptide’s charge distribution, determinant of the polarity and
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hydrophobicity of the peptide. Firstly the LC-MS was used in its HPLC format and

when upgraded the instrument was paired with Waters Ultra High Pressure Liquid

Chromatography (UPLC) system equipped with a Photodiode-Array Detector (PDA)

detector in addition to the Electro spray (ESI) mass spectrometer [SQ2 detector with a

Zspray] paired with the waters XSelect Peptide CSH C18 Column 130A◦ of dimensions

2.5µm 2.1x100mm.

To get the retention time of the peptide and use it to estimate its retention

time in Preparative High Pressure Liquid Chromatography (Prep-HPLC), a 50 minute

run was utilised for HPLC and a 10 minute run for UPLC system with mobile phase

composition of water+0.1% Formic acid (FA) and Acetonitrile (ACN) +0.1% (FA)

with different gradient shown in tables 2.1a and 2.1b for HPLC and UPLC at 40◦C

respectively. The combination in which the mobile phase and the stationary phase

were chosen is important to the overall separation power provided by the instrument.

Therefore, finding an optimal methodology for each peptide is essential. Peptides were

prepared using 20% acetonitrile/water solvent to concentrations of 1mg/ml.

To find and identify the correct fraction eluted from the column, a combination

of mass spectrometry and UV detection was employed. Since the mass spectrometer

only plots the mass/charge ratio of the peptides against the strength of their signal,

their overall Molecular weight (MW) of the peptide is divided by different positive

charges in ESI+ mode. Since all peptides have a charge of more than 4+ this method

was applied to all peptides synthesised in this experiment. Since all peptides have a

Trp(W) residue incorporated in the sequence, the PDA detector allows the detection

of peptides at 280nm absorption.
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Table 2.1: Gradient conditions as a percentage of organic and inorganic solvents used

with two different LC systems coupled with Mass spectrometry

(a) HPLC system

Time(min) Water+0.1%Formic acid Acetinitrile+0.1%Formic acid

0 95 5

0.1 95 5

30 5 95

40 5 95

40.1 95 5

50 95 5

(b) UPLC system

Time(min) Water+0.1%Formic acid Acetinitrile+0.1%Formic acid

0 95 5

0.1 95 5

6 5 95

9 5 95

10 95 5

2.3.2 Preparative HPLC

The peptides are purified on Agilent 1260 Infinity Prep-HPLC system in the School of

Chemistry, Chromatography Facility [University of Birmingham]. To be able to trans-

late the methodology used with the smaller column on the LC-MS system to the bigger

XSelect Peptide CSH C18 OBD Prep Column 130A◦ of dimensions 5µm 19x150mm

on the Prep-HPLC system, Waters Gradient Calculator webpage for conversion of the

methodologies between different column dimensions was used. The composition of the

mobile phase was also kept constant between the instruments with water+0.1% FA and

ACN +0.1% FA. The gradient shown in table 2.2 was used for all the crude peptides

that were injected at 1mg/ml concentration dissolved in 20% acetonitrile/water solvent
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injected at the maximum volume of 10ml due to the limitations in the volume of the

loop used in conjunction with the instrument.

Table 2.2: Gradient conditions as a percentage of organic and inorganic solvents scaled

for the larger column on the Prep-HPLC system

Time(min) Water+0.1%Formic acid Acetinitrile+0.1%Formic acid

0 95 5

0.3 95 5

24 60 40

30 60 40

31 95 5

40 95 5

The fractions collected were analysed on the MALDI-TOF instrument to de-

termine the correct fraction is freeze dried and subsequently used for the biological

analysis.

2.3.3 Matrix-Assisted Laser Desorption/Ionization-MALDI-TOF

In this methodology the Brukers Ultraflextreme Matrix Assisted Laser Desorption/Ionization

mass spectrometry(MALDI-MS) [Bruker, 2022] located in the School of Chemistry,

Mass spectrometry Facility [University of Birmingham] was used and the peptides

were prepared by an addition of matrices that assist with the ionisation of the samples

via crystal formation. In this experiment, matrix Dihydroxybenzoic acid (Super-DHB)

was used purchased from [Fisher Scientific, 2019]. 10mg/mL of Dihydroxybenzoic acid

was prepared by diluting in a 50:50 methanol:water solution [177]. The concentration

of the samples were chosen as 10%v/v dilution by using 2 µl of the sample. A series

of 1:10 dilutions were made to obtain the best concentration of the samples for the

optimised crystallisation.
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2.3.4 Circular Dichroism-CD

This instrument helps to measure and determine the structure of optically active and

chiral molecules as linearly polarised light when passed through a circular dichroic

sample will become elliptically polarised. ASCO-1500 series CD instrument School

of Biosciences University of Birmingham was used to assess the conformation of the

peptides in initially in two different conditions of SDS and PBS with pH of 7 and 7.4

respectively and 0.02mg/ml concentration for each peptide. For the later studies the

experiments were expanded and the peptide conformations were analysed using LTA,

LPS and DPC for better understanding of these different conditions and their effect on

the structure of the peptides. A quartz cuvette with 1mm path length was used [178].

Peptides and proteins are one example of molecules that can be analysed with

this instrument. CD employs the use of circularly polarised light which travels towards

the sample and determines the structure by measuring the change between the right-

circularly polarised light (lR) and left-circularly polarised light (lL) [179]. Different

structures will have different affinity for either of the circularly polarised light and this

affinity is detected by the photon detector. This detector will then provide a graph

of the absorption of light which then accounts for the ability of chiral molecules to

rotate the plane of polarised light of the D-line of sodium. The degree of ellipticity θ in

millidegrees m◦ is the tangent of the ratio of the minor to major elliptical axis shown
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in figure 2.5 [180].

Figure 2.5: Illustration that shows the formation of elliptical shape as opposed to a

direct circle changing the way the light is calculated

To be able to find the individual residue ellipticity that allows for the easier

comparison between different proteins the mean residue ellipticity [θ] MR is calculated

for which the mean residue concentration is needed. Figure 2.1[181] shows the equation

for the calculation of this value that has been used throughout this experiment.

[θ] = θ × 0.1×MRW

(C × P )× 32982

[θ] = MeanResidueEllipticity(degreescm2dmol−1residue−1)

θ = MachineunitinMillidegrees(mdeg)

Meanresidueweight(MRW ) =
proteinmeanweight(Da)

Numberofresidues

P = Cuvettelength(cm)

C = PeptideConcentration(mg/ml)

(2.1)
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2.3.5 Peptide Stability

The analysis was performed on the peptide that showed the most antimicrobial activity

and its corresponding alanine substitutions. The stability was tested against the human

serum which is the most comparable test to the bodily conditions that the peptides

will encounter [182]. First the peptides were diluted using RPMI1640 media to a final

concentration of 300µM stock that was then reduced to a final concentration of 20µM

when added to human serum. Before the addition of the peptides, the media was

supplemented with 25% serum that was warmed through for 15 minutes at 37◦C.

Once the supplement serum was warmed through, 70µl of the peptide was added

to 1ml of the serum supplement and left for 1 hour at 37◦C for the reaction to complete.

100µl of the solution was then added to 96% ethanol, cooled to 4◦C for 15 minutes

and spun on eppendorf centrifuge at 18000g for 2 minutes to pellet the serum and take

the supernatant for analysis. The pellets were then suspended in de-ionised water to

be analysed on LC-MS and MALDI-TOF according to their methodology mentioned

in section 2.3.3 2.3.1.

2.4 Antimicrobial Studies

To be able to study the antimicrobial activity of the peptides their MIC was determined.

Here MIC refers to the minimum inhibitory concentration in which there is visible loss

of growth of bacteria in the presence of the peptide. To have a suitable representation

of the antimicrobial activity of these peptides three different bacteria are chosen, E. coli

to take into consideration the bacteria present in the lower intestine and the gut [183],

S. aureus to represent a Gram positive bacteria that is common on implant surfaces

as it is found on the skin and the upper respiratory tract [184] and P. aeruginosa to

represent a commonly studied bacteria in all of antimicrobial studies due to their ability
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to show resistance to commonly used antibiotics and additionally for their ability to

create biofilms and therefore render the antibiotics useless for their defence [185].

2.4.1 Minimum Inhibitory Concentration-MIC

Figure 2.6: Plate streaking us-

ing different bacteria with a

sterile loop.

The frozen stock of bacteria supplied by the School

of Dentistry [University of Birmingham] was streaked

shown in Figure 2.6 on a Tryptic Soy Agar (TSA) agar

plate and left in the incubator at 37◦C with a supply

of 5% CO2 for 24 hours for the formation of single

colonies.

Antibiotics used as positive control for each

bacteria were Ciprofloxacin [186] for E. coli, Polymixin

B [187] for P. aeruginosa and Vancomycin [188] for S.

aureus. Each antibiotic stock was made using sterile

water and the powder after which the stock was fil-

tered using a 0.45µm sterile filters. The stock antibiotic was then diluted on the day

of the experiment to their corresponding MIC shown in table 2.3.

Table 2.3: Antibiotic final concentration used as a positive control.

Antibiotic Target bacteria Concentration in the 96 well plate

Ciprofloxacin E. coli 3µM(1µg/mL)

Polymixin B P. aeruginosa 1.8µM(2mg/L)

Vancomycin S. aureus 1.3µM(2µg/mL)

To be able to perform the MIC assays, two single colony were taken and grown

in 10ml of MHB at 37◦C on a shaking incubator and after 18-24 hours, the overnight

culture was diluted to an Optical Density (OD) at 600nm of 0.1 [2×109Colonie Forming
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Units (C.F.U)]. These bacteria were used as inoculum for the 96 well plates. The

peptides were diluted to a final concentration of 500µM using MHB to keep the solvents

consistent. These peptides were then used to perform a 2-fold dilution until a final

concentration of 16µM is reached and the 96 well plate was then filled in 1:1 ratio

with the inoculum and the different concentration of peptides, shown in Figure 2.7.

Similarly, the antibiotics and broth were also added to the plate in a 1:1 ratio to the

inoculum as positive and negative control respectively. The plates were left in a shaking

incubator at 37◦C and after 18 hours of incubation the OD at 600nm was measured

using a ELx800 microplate reader [Bio-Tek ,2022].

Figure 2.7: Arrangement used for the 96 well plate to avoid cross contamination and

determine the OD at 600nm.
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2.4.2 Antimicrobial Resistance studies

In addition to the determination of the MIC values for each designed peptide, the re-

sistance of each bacteria was tested against the most active antimicrobial peptide. The

experiment was performed using the same technique as mentioned in subsection 2.4.1

in 96 well plates but the inoculum chosen was taken from the well that showed min-

imal bacterial growth and not a full inhabitation of bacterial growth. This inoculum

was measured and the OD600 was adjusted to 0.1 to keep a consistent inoculum con-

centration per experiment. The experiment was repeated in cycles until antimicrobial

resistance was observed.

To assess the presence of only the desired bacteria each time the inoculum was

plated and observed for colony integrity. If infection was observed the experiment was

repeated from the last non infected plate from a frozen batch of inoculum.

2.5 Cell Culture Studies

Cell culture studies were performed in the School of Dentistry, University of Birming-

ham. HeLa cells supplied by the school were used due to their epithelial nature and

extensive documentation when dealing with antimicrobial peptides [189]–[191]. To find

the toxicity of the designed peptides the viability of the cells

2.5.1 Cell Viability

First the DMEM media was supplemented with 10% FBS, 5% of Penicillin-Streptomycin

and 5% L-Glutamine. To start the cells from the frozen passage II stock supplied, the

stock was defrosted and immediately centrifuged at 1000RPM for 3 minutes to pellet

the cells. Once the supernatant was removed the cells were resuspended in 1ml of sup-
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plemented media and were added to a flask containing 14ml of fresh media and allowed

to grow at 37◦C under 5% CO2 to reach 80 − 90% confluency. The cells were then

trypsinised using 0.25% Trypsin to be used in the 96 well plates. The cells were allowed

to grow at different concentrations to assess the signal of the MTT assay at different

number of cells per well to find the optimum cell number per well and concluded to

include 100,000 cells per well for the cytotoxicity experiments.

The experiments were then started with the trypsinised cells added to each well

of a 96 well plate, incubated at 37◦C under 5% CO2 overnight to reach confluency per

well. The plates were then removed from the incubator and washed with PBS and

the media was replaced with the peptides, diluted with DMEM starting from 500µM

to 16µM and left in the incubator overnight. The CyQuant MTT kit was used by

dissolving the MTT reagent in 1mL of PBS and once the DMEM media was removed

from the wells, 50µL of the MTT reagent along with 50µL of fresh un-supplemented

DMEM media without phenol red was added to each well and incubated for 4 hours.

Once the plate was removed from the incubator, 100µL of SDS dissolved in 5µL of

PBS was added to each well and incubating for an additional 4 hours. The plates were

observed using a ELx800 microplate reader [Bio-Tek ,2022] and the OD was measured

at 570nm. Media alone was used as positive control and DMSO was used as negative

control. There was also the MTT reagent alone as a control of the kit integrity.

2.6 Molecular Dynamic Simulations

To aid in the better understanding of the interactions between the different mem-

branes and the peptides, some of the peptides were chosen in the order of their ac-

tivity and Molecular Dynamic Simulation (MDS) was used to model this interaction.

I-Tasser [192] was used to first model the peptide structure in free form and with-

out the presence of any membrane. The membranes were then constructed using
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Charmm-gui [193] online membrane builder tool with the presence of the peptide.

The resulting membrane peptide combination were then minimised and equilibrated

through 5000 and 50000 steps respectively and simulated for 10ns using Gromacs [194].

The steps for the simulation are shown in Figure 2.8 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) and Dimyristoylphosphatidylglycerol (DMPG)/ Dimyris-

toylphosphatidylcholine (DMPC) where used to model zwitterionic mammalian mem-

brane and bacterial membrane, respectively [195], [196] .

Figure 2.8: Molecular dynamic simulation steps performed using Gromacs.

2.7 Statistical analysis

2.7.1 Prediction models

The predicted structures were constructed through I-TASSER software that uses a

combination of methodologies to compile a three-dimensional structure for the pep-
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tides. The method used within the software includes threading the sequence of the

peptide into a database of known protein structures to determine similar structures

snd templates with similar folds. It involves aligning the sequence to the template

found through the initial search and construction of secondary structure based on

this similarity. Through model generation the identified template structure is used to

generate an initial three-dimensional structure through fragment assembly. Through

energy minimisation and spatial restraints the fragments are refined and recombined

to produce initial models. Side chain packing and loop modelling techniques are also

employed to enhance accuracy. After this step a series of models are produced and

I-TASSER provides ranking of the models based on their similarity percentages to the

specific protein sequence and the top ranking models are selected as prediction models.

2.7.2 Antimicrobial analysis

To find the significance of the antimicrobial activity of the peptides designed a One

Factor ANOVA test was used with Dunnett’s and Tukey HSD. This methodology

was employed to test the significance of the antimicrobial activity as a whole without

the consideration of the concentration and to later test the effect of concentration on

the activity of the peptides against the bacteria. If the p-value was below 0.05 with

mean value of inhibition higher than the positive control the results were favourably

significant. All figures were produced using Matplotlib in Python.
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Antimicrobial Peptide Design
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3.1 Design Strategy

To begin the process of peptide design that show antimicrobial activity against a variety

of bacterial species, several criteria were implemented to ease the process of synthesis

and to increase the likelihood of antimicrobial activity in the designed sequences based

on hBD. These criteria were executed by the reduction of sequence length between 20-

22 amino acids long and the removal of the Cysteine (Cys - C) residues from original

sequence to ease the synthesis process and reduce the complication of side disulfide

bridge formation during peptide interactions with other peptides and the bacteria.

According to previous research hBD1 and hBD3 maintain their antimicrobial activity

in the reduced form without the formation of the disulfide bonds [72]. Hence it was

hypothesised that the removal of Cys residues from the sequence would not have an

effect on the antimicrobial activity of the new designed sequences. Additionally, alpha

helical peptides have shown a consistent antimicrobial activity throughout the literature

so the aim of the modifications were to ultimately achieve an alpha helical structure

[185]. The sequence and choice of amino acid in each position was also influenced

by the alignment of the designed sequence to the original parent sequence of, hBD1

or hBD3, to find the percentage of alignment, avoiding a random design of de novo

antimicrobial peptides.

To achieve these incentives, the Cys residues were removed from the original

sequence and replaced with the most abundant amino acid residues in those positions

found in known antimicrobial peptides shown in Figure 3.1 and the sequences were

shortened by the removal of the least abundant residues found in antimicrobial pep-

tides from the original sequence. These sequences were then aligned using 3 different

database of (ADP3 [197], DBAASP [198] and, CAMP [199]). All the peptides shown

aligned to their corresponding parent peptide and those that did not show alignment

were discarded.
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As shown in Figure 3.1 Tryptophan (Trp - W) is not a common amino acid

found in antimicrobial peptides, however, in this study it was incorporated in most

sequences due to the ease of detection as a result of its ring structure as well as its

known toxic effect on pathogens. However, the addition of Trp residue was kept to

a minimal due to its toxic effects towards mammalian cell lines attributed to its cell

penetrating ability [200].

Figure 3.1: Percentage of 20 natural amino acids in antimicrobial peptide based on

their abundance in 3579 peptides found in ADP3 databases [197]

3.1.1 Sequences of potential antimicrobial peptides based on

hBD1

Table 3.1 shows the sequences designed based on hBD1. Each line includes the se-

quence, molecular weight, charge and the hydrophobicity of each design as well as the

original sequence that the peptides are based on in the first row of the table.
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Table 3.1: List of potential antimicrobial peptides based on hBD1 with their corre-

sponding molecular weight (MW), number of amino acid residues (AA number) and

charge.

Peptide Name Sequence AA number Charge Hydrophobicity(%) MW (g/mol)

Original HBD1 DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK 36 +4 36 3977

HBD-mod1 DSGQARKPIFTKIYRGWRKIAK 22 +6 32 2620

HBD-mod2 DYSLYAPIFTKIRGTYRGKAK 21 +4 29 2449

HBD-mod3 GGLYAPIFTKIRGTYRGKAKK 21 +6 29 2326

HBD-mod4 GLGDKLAKGKAKGLGWKIAK 20 +5 40 2039

HBD-mod5 GLGDKLAKGKWKTYRGKAKK 20 +7 25 2234

HBD-mod6 GLGPKLAKGKWKTYRGKAKK 20 +8 25 2215

HBD-mod7 GLGPKLAKIKWKTYRGKAKK 20 +8 30 2272

HBD-mod8 GLGPKLAKIFTKWKTYRGKAK 21 +8 33 2392

According to this table HBD-mod1 and HBD-mod8 share a very similar hy-

drophobicity profile to the original hBD1 sequence. HBD-mod1-3 were designed to

align to the original hBD1 sequence and according to Figure 3.2 they show a similarity

ranging from 43% to 55% for both HBD-mod2 and -mod3. As these sequences were

the first three designed peptides they show a strong similarity to the original sequence,

sharing a consensus sequence of ’PIFT’ and ’YRGKAK’ according to Figure 3.3 with

the original hBD1. HBD-mod4 on the other hand, shows the least similarity to the

original sequence showing a strong hydrophobic sequence with only 24% similarity to

the original sequence with only the amino acid Glycine (Gly - G) as a consensus. This

is due to the design of this peptide, which was a culmination of most frequent amino

acid residues for each position observed in antimicrobial peptides found in different

databases and literature.

Using HBD-mod4 as a starting point for the rest of the peptides in this series,

HBD-mod5 and HBD-mod6 were designed to align to both hBD1 and HBD-mod4 to

achieve an antimicrobial peptide that shows abundant amino acids at each position

whilst maintaining its similarity to the original hBD1. Therefore HBD-mod5 and -

mod6 both show 35% similarity to the original sequence with ’YRGKAK’ as the main
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consensus sequence. In an effort to increase the alignment percentage to the original

Figure 3.2: Phylogenic tree of the hBD1 peptide series showing their parentage sim-

ilarity and their relationship. Figure produced through Clustal Omega [201] show-

ing the relationship between each sequence in the series of peptides based on hBD1

where the percentages shown are representative of the peptide alignment to the original

hBD1 sequence and to each other respectively found through alignment using the ADP

database.

hBD1 the sequence of these two peptides was further refined to align 38% and 40% to

hBD1 for HBD-mod7 and -mod8, respectively. The weakest similarity was shown to be

between the sequence of HBD-mod4 and hBD1, due to the lack of consensus sequence

with the original peptide sequence. It can also be seen that HBD-mod5 and HBD-

mod6 are the most similar to HBD-mod4, as they were designed by the combination

of HBD-mod4 and hBD1.

3.1.2 Structure of potential antimicrobial peptides based on

hBD1

Figure 3.4 shows the structure of each peptide with their corresponding amino acid

frequency compared to other antimicrobial peptides in each position. These Figures

display the structure of the peptides as well as its compositional hydrophobicity de-

pending on the amino acid in each position where the white show non-polar amino

acids, blue shows basic residues, red shows acidic residues and green shows the polar
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Figure 3.3: Multiple sequence alignment results for the peptides based on hBD1. The

sequence at the top of the first point of comparison. Figure produced using Mview

Clustal Omega [201] showing the consensus sequence between each peptide and the

original sequence. Red residues are positively charged, Green residues are hydrophobic,

Blue residues are negatively charge, Yellow residues are cysteines. Cov = coverage

referring to the aligned positions in a sequence that contain actual residues representing

the percentage of aligned amino acid sequence, Pid = Percent measuring the similarity

between aligned residues in the sequences. It is calculated through determination of

the percentage of positions in the alignment where the amino acids are identical across

all sequences.

amino acids. On the other hand, the structure is highlighted by magenta for alpha

helical, beta sheets are coloured yellow and pale blue shows turns and white shows all

other structures.

In order to find the most antimicrobial peptide, the refinements were not only

done to increase the percentage of alignment towards the hBD1 original sequence shown

in Figure 3.2 but to also increase the alpha helical structure of the final designed peptide

as shown in Figure 3.4a and 3.4o for HBD-mod1 and HBD-mod8, respectively.

Although HBD-mod2 and -mod3 both aligned strongly to hBD1 their structure

did not form an alpha helix according to Figure 3.4c and 3.4e, respectively showing a

structure with the combination of a coil and β-sheet. Since the sequence of HBD-mod4

3.4g showed the least similarity to the original sequence and its structure retained a

combination of all three structures including the alpha helical portion through the use
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of ’GDKLAK’ . This motif was repeated in all other sequences following this peptide

to achieve the same alpha helical point in all the following sequences.

The change from this motif to ’GPKLAK’ in the sequences of HBD-mod6, Figure

3.4k, and -mod7, Figure 3.4m, reduced their portion of their structure to a non alpha

helical proportion, which was further refined by continuation of the motif ’IKW’ in

HBD-mod7 and the sequence of ’IFIKW’ in HBD-mod8 that allowed the alpha helical

structure to return. This motif was copied partially from the ’PIFIKI’ motif of HBD-

mod1 shown in Figure 3.4a which also showed an alpha helical portion in the overall

structure. In fact HBD-mod1, -mod3, -mod2 and -mod8 share the ’IFT’ motif with

the original hBD1.

The logos in Figure 3.4 show the conserved nature of each amino acid at each

position through the size of the amino acid where the larger the size the more conserved

the amino acid in that position. Additionally, these figures show other conserved amino

acids in the position which helps with choosing other amino acids for the following

sequence of the series.

W shows the most conserved profile since it is the largest amino acid when

compared to the rest. This amino acid was shown in all of the sequences in Figures

3.4h-3.4p. Other amino acids of note according to the logos are Phenylalanine (Phe,

F) in Figure 3.4f that was removed from the sequence for the following sequences but

later added to the last sequence of the series HBD-mod8 in Figure 3.4p. The last G

in the sequences of HBD-mod2, -mod3, -mod5, -mod6, -mod7 and, -mod8 also shows

a conserved nature between all of the logos. Proline Pro, P in the forth position was

also conserved according to Figure 3.4l, 3.4n and 3.4p.
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(a) HBD-mod1 (b) HBD-mod1-logo

(c) HBD-mod2 (d) HBD-mod2-logo

(e) HBD-mod3 (f) HBD-mod3-logo
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(g) HBD-mod4 (h) HBD-mod4-logo

(i) HBD-mod5 (j) HBD-mod5-logo

(k) HBD-mod6 (l) HBD-mod6-logo
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(m) HBD-mod7 (n) HBD-mod7-logo

(o) HBD-mod8 (p) HBD-mod8-logo

Figure 3.4: Showing the secondary structure of peptides based on hBD1 as well as their

amino acid frequency represented in a logo format, where the height of the symbol

represents relative frequency of each residue, the overall height of the stack represents

at each position reflects the level of conservation and the width of the symbol shows

the degree of uncertainty at that position. The peptides are represented through a

Newribbon for the structure represented by magenta for alpha helical, blue for turns

and white for other types of structures. Residues are coloured by their type in both

logos and their structure where non-polar residues are in (white/black), basic residues,

acidic residues and polar residues.

These figures were produced using Seq2Log [202] which calculates the frequency of each

amino acid at each position using a frequency matrix showing the distribution of each

residues at each position and I-TASSER [203] constructs a three-dimentional model

of the peptide through fragment assembly and ab initio modelling to generate three

dimensional models. The models were visualised using VMD [204].
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3.1.3 Sequences of potential antimicrobial peptides based on

hBD3

Table 3.2 shows the sequences designed based on hBD3. Similar to table 3.1 this table

shows the sequences, molecular weight, charge and the hydrophobicity of each sequence

designed as well as the original sequence. In this peptide series all the designed peptides

were based on the original sequence hence the higher similarity percentages than those

observed with the peptides based on hBD1.

Table 3.2: List of potential antimicrobial peptides based on hBD3 with their corre-

sponding molecular weight (MW), number of amino acid residues (AA number) and

charge.

Peptide Name Sequence AA number Charge Hydrophobicity(%) MW (g/mol)

Original HBD3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 45 +10 33 5161

HBD3-mod1 GGRAWLPKWIGKWTRGRKRKK 21 +8 29 2566

HBD3-mod2 GGRALPKWIGKWTRGRKRKK 20 +8 25 2380

HBD3-mod3 GGRALPKQIGKWTRGRKRKK 20 +8 20 2322

HBD3-mod4 GGRALPKEQIGKWTRGRKRKK 21 +7 19 2451

HBD3-mod5 GGRALPKEEQIGKWTRGRKRKK 22 +6 18 2580

HBD3-mod6 GGRALPKWIGKWTRGRKRRKK 21 +9 24 2536

HBD3-mod7 GGRALPKWIGKWSTRGRKRRKK 22 +9 23 2623

The most similarity in this series of peptides was observed between HBD3-mod4

and -mod5 at 47% with hBD3. These peptides showed a positive charge of 7 and 6,

respectively, followed by the lowest percentage hydrophobicity compared to the rest

of the peptides in the series based on hBD3. HBD3-mod7 showed the second highest

similarity to the original sequence at 44%, with a relatively large positive charge as

well as percentage hydrophobicity of 23. This peptide seems to be the best candidate

for antimicrobial activity. HBD3-mod1, -mod2 and mod6 all show varying levels of

similarity as well as hydrophobicity compared to the original sequence not showing

notable differences between each peptide.
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Figure 3.5: Phylogenic tree of the hBD3 peptide series showing their percentage simi-

larity and their relationship. Figure produced using Clustal Omega [201] showing the

relationship between each sequence in the series of peptides based on hBD3 where

the percentages shown are representative of the peptide alignment to the original

hBD3 sequence and to each other respectively found through alignment using the ADP

database.

Figure 3.6 shows the consensus sequences shared between each peptide and the

original hBD3 sequence. the consensus motif that is shared between HBD3-mod4 and

-mod5 is ’LPKEEQIGK’ with the difference of first Glutamic acid (Glu - E) residues

which is only included in HBD-mod5. This consensus is repeated in HBD3-mod6 and

mod7 with the removal of the ’KEEQ’ motif, where ’STRGRK’ is repeated in HBD3-

mod7.
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Figure 3.6: Multiple sequence alignment results for the peptides based on hBD3. The

sequence at the top marks the first point of comparison. Figure produced through

Mview Clustal Omega [201] showing the consensus sequence between each peptide and

the original sequence. Red residues are positively charged, Green residues are hy-

drophobic, Blue residues are negatively charge, Yellow residues are cysteines. Cov =

coverage referring to the aligned positions in a sequence that contain actual residues

representing the percentage of aligned amino acid sequence, Pid = Percent measuring

the similarity between aligned residues in the sequences. It is calculated through de-

termination of the percentage of positions in the alignment where the amino acids are

identical across all sequences.

All the peptides in the series share the motif ’LP’ and ’IGK’ with the original

sequence. Although the ’RK’ motif is repeated in all but HBD3-mod1, -mod4 and

-mod5, this motif is the same as ’RKCCRRKK’ of the original sequence with the ’CC’

removed for ease of sequencing on HBD3-mod6 and -mod7.

3.1.4 Structure of potential antimicrobial peptides based on

hBD3

Figure 3.7 shows the structure of each peptide in the series based on hBD3. Similar

to Figure 3.4 this figure shows both the structure of the peptide as well as its residue

logo showing the wight of each amino acid per position. The peptides are displayed

through the secondary structure as well as their amino acid type, where the white

show non-polar amino acids, blue shows basic residues, red shows acidic residues and
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green shows the polar amino acids. On the other hand, the structure is highlighted by

magenta for alpha helical, beta sheets are coloured yellow and pale blue shows turns

and white shows all other structures.

HBD3-mod1 in Figure 3.7a shows a majority alpha helical structure with W

being the most prominent amino acid residue in this structure according t o Figure3.7b.

Since W is shown in the literature to increase the cell penetration ability of the peptides

one of these residues was removed in HBD3-mod2, Figure 3.7d, which changed the

structure from a majority alpha helical structure to a combination of turns and other

types of secondary structures. As seen through the alignment results the structure of

HBD3-mod4 and -mod5 shown in Figures 3.7g and 3.7i respectively clearly show this

similarity with very similar structural proportion of helical, turn and others which is

owed to their similar sequences differing by the removal of E according to Figure 3.7h

and 3.7j.

(a) HBD3-mod1 (b) HBD3-mod1-logo
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(c) HBD3-mod2 (d) HBD3-mod2-logo

(e) HBD3-mod3 (f) HBD3-mod3-logo

(g) HBD3-mod4 (h) HBD3-mod4-logo
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(i) HBD3-mod5 (j) HBD3-mod5-logo

(k) HBD3-mod6 (l) HBD3-mod6-logo

(m) HBD3-mod7 (n) HBD3-mod7-logo
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Figure 3.7: Showing the secondary structure of peptides based on hBD3 as well as their

amino acid frequency represented in a logo format, where the height of the symbol

represents relative frequency of each residue, the overall height of the stack represents

at each position reflects the level of conservation and the width of the symbol shows

the degree of uncertainty at that position. The peptides are represented through a

Newribbon for the structure represented by magenta for alpha helical, blue for turns

and white for other types of structures. Residues are coloured by their type in both

logos and their structure where non-polar residues are in (white/black), basic residues,

acidic residues and polar residues.

These figures were produced using Seq2Log [202] which calculates the frequency of each

amino acid at each position using a frequency matrix showing the distribution of each

residues at each position and I-TASSER [203] constructs a three-dimentional model

of the peptide through fragment assembly and ab initio modelling to generate three

dimensional models. The models were visualised using VMD [204].
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4.1 Peptide Purification

4.1.1 Introduction

In order to find the purity of each peptide and to use the data to perform the purification

step on the HPLC system, the peptides where first analysed through LC-MS where the

chromatogram shows the purity of the peptides prior to purification and allows for the

identification of the peak that belongs to the peptide to be collected in the purification

step. Once the peaks were identified, the LC-MS method was modified to ensure the

elution of the peptide on the preparative-HPLC system so that the correct peak was

collected. The collected peptides were then concentrated and analysed further on the

LC-MS and MALDI-TOF to verify the peptide and its purity.

4.1.2 Results

Figure 4.1 and figure 4.2 show the LC-MS results before and after purification for the

peptides based on hBD1 and hBD3 respectively, with their design shown in chapter 3.

According to these graphs the peptides all show a purity of ≥ 90% after purifi-

cation. The purified peptides were used in all the experiments mentioned in this thesis

such as the microbiology and serum stability studies. It can also be seen that all pep-

tides show a small eluted peak at 20-22 minutes which belongs to the residual peptides

that were previously cleaned but were not eluted properly from the column and they

were also present in the blank run included in appendix A. Although, these blanks

were subtracted from the final results they were not fully removed from the graphs due

to software difficulties. Note that the initial analysis was done on the peptides for 30

minutes only but the blank sample was allowed to run until 40 minutes.

Figures 4.1a-4.1h show the LC-MS data for HBD-mod1-HBD-mod8 and Figures
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4.2a-4.2g show the data for HBD3-mod1-HBD3-mod7.
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Figure 4.1: Comparison between the purity of the peptides based on hBD1 before and

after purification step on LC-MS showing HBD-mod1, HBD-mod2, HBD-mod3, HBD-

mod4, HBD-mod5, HBD-mod6, HBD-mod7, HBD-mod8.
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Figure 4.2: Comparison between the purity of the peptides based on hBD3 before

and after purification step on LC-MS showing the peptides HBD3-mod1, HBD3-mod2,

HBD3-mod4, HBD3-mod5, HBD3-mod6, HBD3-mod7.

Following the determination of the most antimicrobial peptide sequence, the se-

quence was taken and an alanine substitution was done on the corresponding sequences.

The result of the purification on these peptides can be seen in Figures 4.3. The final

concentration of these peptides were near 90%. The use of alanine substitution has

become a common approach for studying the influence of individual residues on the

structure and antimicrobial activity of peptides. By replacing side chain residues with

methyl groups, this method effectively identifies the specific side chains responsible for

secondary structure formation and functional activity [205]–[207].
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Figure 4.3: Comparison between the purity of the peptides based the alanine scanning

of HBD-mod8 peptides before and after purification step on LC-MS.
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5.0.1 Introduction

To determine the structural conformation for each peptide and find the correlation be-

tween the structural details and the antimicrobial activity, the peptides were subjected

to different environments to find the change in their structure. Each condition was

carefully selected to stimulate a certain effect on the peptide structure to mimic the

environment of bacteria and normal cells.

PBS was chosen to represent the free form peptide and SDS was chosen as the

anionic environment that was shown to force an alpha helical structure on the peptide.

The first series of peptides were only analysed in these buffers.

Each peptide series was analysed in percentage of secondary structure and three

different graph types were produced. The bar graphs show the overall percentage of

secondary structure split between three types of helical, strand, and unordered to pro-

vide an overall picture of the effect that different buffers had on the peptide structure.

The pie charts which represent a more detailed structural results showing the helix in

more detail with helix 1(i.e ordered) and helix 2 (i.e non ordered), strand in strand 1

(i.e ordered) and strand 2 (i.e unordered) and turn and unordered in different cate-

gories. The third graph types that are presented in appendix section two (B) show the

raw data from the absorbance that was produced by the CD software.

5.1 Peptides based on hBD1

5.1.1 Results

There is a clear divide between the structure of peptides based on hBD1 when dissolved

in PBS compared to when they are suspended in SDS. Figure 5.1 shows the changes
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between these two where Figure 5.1a shows the series of peptide in PBS and Figure

5.1b shows the series of peptide in SDS. Through this figure it can be seen that each

peptide changes its secondary structure in favour of a helix structure when in SDS. The

percentage of strand structure stays relatively unchanged in HBD-mod1, -mod2 and

-mod3, and for HBD-mod4 and -mod6 the percentage of strand structure increases by

approximately 2-folds where their kl;,./helix structure were reduced unlike the other

peptides in the series. HBD-mod5 on the other hand, preserves its strand structure in

SDS and it shows a relatively similar structure in both conditions. It is notable that

HBD-mod4, -mod5 and -mod6 all share a similar structural profile when in an anionic

environment.

The largest difference between the change in the peptide structure can be seen

in HBD-mod7 where the % helical has changed drastically by 8-folds between the two

different conditions. It is also evident that the % of unordered structure for all the

peptide in this series were shown to be similar with values ranging from 28-50% with

the lowest in HBD-mod8 at only 28% where the majority was found to form a helix at

67% marking the highest percentage of helix formation in the series.
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(a) The percentage of secondary structure

in PBS

(b) The percentage of secondary structure

in SDS

Figure 5.1: Summarised version of the secondary structure of peptides based on hBD1

including HBD-mod1, HBD-mod2, HBD-mod3, HBD-mod4, HBD-mod5, HBD-mod6,

HBD-mod7 and HBD-mod8 in PBS and SDS. The summarised version shows only

the percentage of helix, strand and unordered in the structure of each peptide where

helix is a combination of helix1 and 2, strand is a combination of strand 1 and 2 and

unordered is a combination of turn and unordered. All the datapoints displayed in

Figure B.2 represents a culmination of 3 measurements taken from the same peptide

in each condition. The measured values are θ which is the machine unit used by the

CD instrument.

The percentage of unordered secondary structure is highly prevalent in all peptides in

PBS but this percentage is reduced in SDS for HBD-mod1, HBD-mod2 , HBD-mod7

and HBD-mod8, where the percentage of helix has increased considerably in these

peptides by approximately, 1.5-, 3-, 6- and 1.5-folds respectively.
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To be able to express the secondary structure in more detail, Figure 5.2 was

produced and through these sub-figures it can be seen that the percentage of helix

1 structure throughout the peptide series based on hBD1 increases in SDS. It is also

evident that HBD-mod4 in Figure 5.2h, -mod5 in Figure 5.2j and -mod6 in Figure 5.2l

have a very close percentage in their helix content similar to the results shown in Figure

5.1. In fact it is more clear that the structure of these peptides in this environment is

indistinguishable from one another.

Similar observation can be seen in the structure of HBD-mod2 in Figure 5.2d

and -mod3 in Figure 5.2f in SDS. The highest helix 1 content is presented in Figure

5.2p at 44%. This is important since the helix 1 structure was not observed in this

peptide in PBS shown in Figure 5.2o, and only helix 2 can be seen at 43%, but when in

SDS this peptide changes conformation to a helix 1 and helix 2 and presents an overall

highest helical conformation in this series.

All the data presented here can be found in appendix section (B) in its raw

format which was used to determine the percentage of different structural components.

The raw data for peptides based on hBD1 can be found in Figure B.2.

5.1.2 Discussion

As it was shown with the results from the peptides based on hBD1 the structure of

HBD-mod4, -mod5 and -mod6 resembles one another closely. This could be attributed

to their close relationship shown in the family tree in Figure 3.2 in Chapter 3. HBD-

mod7 and -mod8 also resemble each other due to their close relationship according to

the phylogenic tree. Since HBD-mod2 and -mod3 also share similarities between their

sequences shown by their close relationship on the phylogenic tree in Figure 3.2, they

showed a similar secondary structure profile as seen with the other peptides in this

series.
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(a) HBD-mod1 in PBS (b) HBD-mod1 in SDS

(c) HBD-mod2 in PBS (d) HBD-mod2 in SDS

(e) HBD-mod3 in PBS (f) HBD-mod3 in SDS
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(g) HBD-mod4 in PBS (h) HBD-mod4 in SDS

(i) HBD-mod5 in PBS (j) HBD-mod5 in SDS

(k) HBD-mod6 in PBS (l) HBD-mod6 in SDS
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(m) HBD-mod7 in PBS (n) HBD-mod7 in SDS

(o) HBD-mod8 in PBS (p) HBD-mod8 in SDS

Figure 5.2: Expanded version of the secondary structure percentages of peptides based

on hBD1 that shows the helix 1, helix 2, strand 1, strand 2, turn and unordered portion

of each peptide in two different condition on PBS and SDS shown side by side for better

comparison. The highest percentage of secondary structure in most peptides in this

series can mostly be attributed to turn and unordered in PBS with the exception

of HBD-mod8 where the percentage of helix and unordered were similar before the

addition of SDS.

These figures were produced by the measurement of polarised light that has a specific

finger print that can be attributed to different structure types. The analysis was

performed through Dichroweb.
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5.2 Peptides based on hBD3

5.2.1 Results

Even though the structure of peptides usually undergoes a forced alpha helical confor-

mation under SDS, as shown in Figure 5.3a this does not apply to this specific peptide

series. As presented in Figure 5.3 the percentage of helix in these peptides is negligible

but the percentage of strand is prominent in both buffers. As expected the percentage

of unordered is the highest across the series of peptides in both buffers and it stays

consistent regardless of the buffer type throughout each peptide structure ranging from

43-58% in PBS and 48-65% in SDS.

There is one peptide of note in this series since it shows a percentage helical

structure of 0%. HBD3-mod3 shows an approximately equal secondary structure be-

tween strand and unordered in PBS but when in SDS this peptide undergoes a change

in conformation and it shows 16% helix conformation while the percentage of both

unordered and strand decreases. Other notable peptides include HBD3-mod2, -mod4,

-mod6 and -mod7 showing a helix conformation in PBS however this conformation

showed a reduction in SDS where there was an increase in the percentage of strand

structure.

HBD3-mod1 and -mod5 follow the same pattern as expected from peptides in

SDS where their helix conformation increase in this buffer when compared to the PBS.

The most notable conformational change belongs to HBD3-mod1 where the percentage

of helix structure increases dramatically in the presence of SDS consistent with its

predicated structure in Figure 3.7a.
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(a) The percentage of secondary structure

in PBS

(b) The percentage of secondary structure

in SDS

Figure 5.3: Summarised version of the secondary structure of peptides based on hBD3

including HBD3-mod1, HBD3-mod2, HBD3-mod3, HBD3-mod4, HBD3-mod5, HBD3-

mod6, HBD3-mod7 and in PBS and SDS. The summarised version shows only the

percentage of helix, strand and unordered in the structure of each peptide where he-

lix is a combination of helix1 and 2, strand is a combination of strand 1 and 2 and

unordered is a combination of turn and unordered. All the data points displayed in

Figure B.3 represents a culmination of 3 measurements taken from the same peptide

in each condition. The measured values are θ which is the machine unit used by the

CD instrument.

The percentage of unordered secondary structure is highly prevalent in all peptides in

both PBS and SDS and that the buffer that the peptide resides in does not effect its

structure drastically.

A more in depth look at the structure of these peptides in both conditions,

shown in Figure 5.4, highlights the breakdown of each structure into their individual

components. The increase in helix conformation of HBD3-mod1 shown in Figure 5.4b

showed approximately equal increase in both helix1 and 2. This trend was also observed
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in HBD3-mod2, -mod4 and -mod5. Other notable similarities between the structures

in SDS buffer was the equality between the turn and unordered for all peptides except

HBD3-mod7 where the structure is fully changed from turn to unordered in PBS to

SDS respectively. HBD3-mod3 showed a majority unordered structure that belongs in

the same category but this was reduced when in the anionic buffer and replaced by a

higher turn and strand structure with the addition of both helix structures.

99



Secondary Structure

(a) HBD3-mod1 in PBS (b) HBD3-mod1 in SDS

(c) HBD3-mod2 in PBS (d) HBD3-mod2 in SDS

(e) HBD3-mod3 in PBS (f) HBD3-mod3 in SDS
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(g) HBD3-mod4 in PBS (h) HBD3-mod4 in SDS

(i) HBD3-mod5 in PBS (j) HBD3-mod5 in SDS

(k) HBD3-mod6 in PBS (l) HBD3-mod6 in SDS
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(m) HBD3-mod7 in PBS (n) HBD3-mod7 in SDS

Figure 5.4: Expanded version of the secondary structure percentages of peptides based

on hBD3 that shows the helix 1, helix 2, strand 1, strand 2, turn and unordered

portion of each peptide in two different condition on PBS and SDS shown side by side

for better comparison. There is no clear pattern between different peptides and their

corresponding structures but the turn and unordered structures seem to be the most

prominent in comparison to the rest of the structures. Although the percentage of

unordered structure spikes in SDS.

5.2.2 Discussion

The peptides based on hBD3 did not follow the same trend observed with the previous

series and the percentage of unordered was shown to increase in the presence of SDS.

The peptides showing a decrease in helix conformation from PBS to SDS work in the

opposite direction to the literature where it states the presence of detergent like anionic

buffer forces a helical conformation on the peptide structure.[178] This is of note since it

could indicate the activity level of the peptide and that when in an anionic environment

this peptide changes conformation to a less favourable structure type for the purpose

of this experimental design since the goal was to design an alpha helical structure.
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5.3 Alanine substitution of peptide HBD-mod8 and

the impact on structural conformation

5.3.1 Introduction

In this section the changes in the conformational structure of HBD-mod8 and its alanine

substitutes were evaluated. The structures have been shown in 5 different buffer types

to show varying membrane mimicking environments. These buffers include the two

original buffers used previously, PBS, SDS and the new buffers DPC which shows

an effect close to that of SDS. LPS and LTA that were also chosen to mimic the

bacterium membranes and were representative of Gram-negative and Gram-positive

bacteria respectively. For simplicity the results were condensed into Figures shown in

this section that are based on Figures shown in appendix section (B) split between

Figures B.4, B.5, B.6 and B.7 displaying the full range of buffers on each peptides per

page.

5.3.2 Results

The Peptides across the whole alanine substitution range showed the lowest struc-

tural conformation in helix in PBS buffer shown in Figure 5.5a. The highest level of

conformation in this buffer belonged to unordered ranging from 44-63%. The strand

structure was consistent throughout these peptides with values ranging from 22-43%.

The structures were all forced into a helical conformation in SDS in Figure 5.5b and

DPC in Figure 5.5e ranging from 43-67% in SDS which showed the lowest helical

structure that belonged to 13HBD-mod8 and the highest to 14HBD-mod8 and 31-65%

in DPC showing the lowest helical components in 13HBD-mod8 and the highest in

19HBD-mod8.
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In membrane mimics of LPS and LTA shown in Figures 5.5c and 5.5d HBD-mod8

shows a mid level range in helical structure with 49% when the highest percentage be-

longed to 19HBD-mod8 at 59%. 1HBD-mod8 shows the lowest level of helical structure

in this buffer at 9%. In LTA however HBD-mod8 shows a lower level of helical com-

ponent with 19HBD-mod8 showing the highest level at 59% similar to LPS. 2HBD-

and 13HBD-mod8 also show a low level of helical conformation showing 4 and 8%,

respectively.

5.3.3 Discussion

It has been reported that the simple change of an alanine residue in place of another

amino acid would not have detrimental effect on the conformation of the resulting

peptides [207]. Though the antimicrobial effect of these peptides remains to be seen in

later chapters. From the reported results it is expected that 19HBD-mod8 would show

the most consistent antimicrobial activity across the different bacteria types since it has

shown the most conformationally favourable change in LPS and LTA. Across the whole

of the peptide series, they all show consistent increase in alpha helical conformation in

SDS and DPC when compared to PBS.

However this does not apply to LPS and especially not to LTA with 4HBD-,

5HBD-, 8HBD-, 14HBD-, 16HBD-, 17HBD-, 18HBD- and 19HBD-mod8 showing an

increase in alpha helical content whilst 7, 10, 12, 13HBD-mod8 all showed an increase

in beta sheet content in LTA when compared to PBS. HBD-mod8 itself showed a

mid range conformational change toward a favourable structure when compared to

the peptides in the series with 1HBD-mod8 showing the lowest conformational change

towards a helical structure in both the two LTA and LPS buffers.
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(a) PBS

(b) SDS
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(c) LPS

(d) LTA
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(e) DPC

Figure 5.5: Secondary structure of HBD-mod8 alongside its alanine substitutes ex-

pressed in the percentage of helix, strand and unordered that were calculated by com-

bining helix 1 and 2, strand 1 and 2 and turn and unordered respectively. These

peptides were all tested in 5 different conditions in PBS, SDS, DPC, LPS and LTA.

Showing a clear change in the strctureu from PBS to SDS and with LPS and LTA

showing very similar results just as with SDS and DPC.
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5.4 Molecular dynamic simulation of HBD-mod8 in

POPC and DMPG/DMPC

5.4.1 Introduction

To be able to present more information regarding the conformational changes of HBD-

mod8, this peptide was used to simulate the interaction between the membrane bilayer

and the peptide. This was performed using the two different bilayers that were repre-

sentative of mammalian and bacterial membranes to understand the effect of different

membrane structure on the conformation of the peptide under constant pressure and

temperature. The result for the Molecular Dynamic Simulation (MD) was reported in

terms of its mass density. Mass density refers to the distribution of the atoms along the

membrane. Electron density and mass density profiles are similar in typical MD sim-

ulations therefore reporting of one entity can be interpreted to reflect the other. The

centre of mass of the membrane was calculated in the first step of the MD simulation,

so that the coordinates of each atom was considered with respect to the centre.

5.4.2 Results

As seen from Figures 5.6 and 5.7 the peptide took a flat conformation on top of POPC

in Figure 5.6a however this peptide was shown to have a more angular downward

trajectory when in DMPG/DMPC shown in Figure 5.7a. This was also reflected in

the NVT/NPT density referring to the acronym for three components of the MD

ensemble where N stands for number of particles, V/P stand for volume and T stands

for temperature of the peptides showing the lipid tail and the placement of the peptide.

The interaction of the peptide with the lipid headgroups and the acyl chain shown in

Figures 5.6b and 5.7b shows a complete different insertion pattern. In Figure 5.7b that
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represents bacterial membrane it can be seen that the peptide is completely inserted

within the membrane acyl chain whereas in Figure 5.6b the peptide is only inserted on

top of the lipid headgroup and it is still suspended within the water molecules.

5.4.3 Discussion

The insertion of the peptide within the acyl chain of the membrane mimicking bacte-

rial environment indicates that this peptide should show clear activity against bacteria.

According to [99], [208] the determination of the MD simulations is extremely crucial

in finding a suitable antimicrobial peptide designed through either de-novo approaches

or through already existing antimicrobial peptides and their modifications. MD simu-

lation can be a useful tool to assess the insertion pattern of each peptides in different

membrane bilayers representing different environments and will save time and resources

to test more hypothesis.

(a) POPC
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(b) Mass density of the peptide calculated using the

information collected during NVT step

Figure 5.6: Molecular dynamic simulation showing the difference in the conformation

of HBD-mod8 in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). Produced

using a combination of Charmm-gui membrane builder and Gromacs through 10ns of

equilibration. The NVT mass distribution was also calculated through Gromacs NVT

which shows the distribution of the peptide within the bilayer through mass density

consideration and constant temperature and pressure.

The molecules in Water, Lipid tail and the peptide is shown in the black circle to the

side of (a).

110



Secondary Structure

(a) DMPG/DMPC

(b) Mass density of the peptide calculated using the

information collected during NVT step
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Figure 5.7: Molecular dynamic simulation showing the difference in the conformation

of HBD-mod8 in Dimyristoylphosphatidylglycerol/Dimyristoylphosphatidylcholine

(DMPG/DMPC). Produced using a combination of Charmm-gui membrane builder

and Gromacs through 10ns of equilibration. The NVT mass distribution was also cal-

culated through Gromacs NVT which shows the distribution of the peptide within the

bilayer through mass density consideration and constant temperature and pressure.

The molecules in Water, Lipid tail and the peptide is shown in the black circle to the

side of (a).

112



Chapter Six

Biological characterisation

113



Biological characterisation

6.1 Microbiology

In this section the peptide activity against S. aureus and P. aeruginosa is presented and

discussed. These two bacteria were chosen to represent a common Gram-positive and

a common Gram-negative pathogen. These bacteria were also shown to be prevalent

at the site of implant incisions and on implant surfaces. Once the peptide or peptides

with an activity comparable to its corresponding antibiotic were identified through

the use of Minimum Inhibitory Concentration (MIC), they were investigated further

through alanine scanning to find the most effective moieties of the peptide responsible

for the antimicrobial activity against S. aureus, P. aeruginosa and E. coli which was

also included in this study as an added representation for Gram-negative bacteria. The

bacterial mechanism of resistance against the most effective peptide was also studied

for S. aureus, P. aeruginosa and E. coli.

6.1.1 Bacterial viability for hBD1 analogous

Introduction

In order to study the effect of the designed peptides based on hBD1 on bacterial

viability, six different concentrations were used to establish an active concentration

compared to the control.

The initial concentration used in this experiment was 500µM and through 2-

fold dilutions the final peptide concentration was 16µM . Each dose response graph in

Figures 6.1 and 6.2 represents the percentage of bacterial growth after 24hrs incubation

at six different log concentrations for all 8 peptides and their control for each bacteria

included in the legend. The control used for each bacteria is vancomycin for S. aureus

and polymixin B for P. aeruginosa. The percentage of bacterial growth at each concen-

tration against each peptide was calculated by subtracting the Optical Density (OD) of
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the peptides from the overall OD of the bacteria on the same plate and normalising to

100% viability. If a bacteria had negative growth value it was an indication of a larger

growth than 100% viability. The effect of the peptides on the percentage of bacterial

growth shows a variety of different results depending on the peptide. In order to find

the difference between each peptide and its concentration as a whole a One Factor

ANOVA test was used with Dunnett’s and Tukey HSD as a follow up. The antibiotic

variations used for the ANOVA test were the result of different tests on different days

and the concentration was kept at a consistence MIC. Through this analysis where

the p-value was above 0.05 and the mean value of the peptide is close or above the

mean percentage of bacterial growth of the antibiotic, the peptide was considered to

show non-inferior activity compared to the control antibiotic. Where the p-value of

the peptide was below 0.05 with the mean mean percentage of bacterial growth value

above the antibiotic this result is significant and shows antimicrobial activity better

than that of the antibiotic.

Results

Though it can be seen that HBD-mod8 shows high activity levels against S. aureus

and P. aeruginosa across all concentrations, this observation can be better interpreted

using statistical analysis and the results are as followed. Figure 6.1 shows the ac-

tivity of the peptides and their different concentration on the percentage of bacte-

rial growth in comparison to antibiotic vancomycin. It can be seen from this figure,

that HBD-mod8 and HBD-mod7 show high activity against S. aureus at their high-

est concentration (500µM). Although HBD-mod8 maintains this activity at 250µM

concentration, HBD-mod7 does not. These observations are accompanied by their cor-

responding p-values of 0.13 and 0.97 respectively, showing that the the overall activity

of HBD-mod7 and HBD-mod8 are not significantly different than that of vancomycin,

with their mean values similar to the antibiotic whilst the activity of the other peptides

115



Biological characterisation

show unfavourable significant difference with p-values lower than 0.05 and mean values

lower than the mean values of the antibiotic.

It can also be seen from this figure that the activity of HBD-mod8 against the

bacteria diminishes at concentrations below 250µM and that the other peptides in the

series based on hBD1 do not show similar activity against the bacteria to that of a the

antibiotic at any concentration. Since the overall activity of HBD-mod8 and antibiotic

were similar as shown previously, the activity at 250µM concentration was compared

showing the mean value higher than vancomycin at 76 and 68((±25) respectively.

With p-value of 9.9 × 10−5 this concentration shows a significant difference between

their activities. The statistical analysis between the activity of HBD-mod7 at 500µM

concentration and control also showed this to be the concentration that shows compa-

rable activity to vancomycin against S. aureus with mean value of 53 and 68 with a

p-vale of 0.57 showing similar activity to the antibiotic with no signifiant difference.
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Figure 6.1: The effect of peptides as well as their differing concentrations on S. aureus

survival with its corresponding antibiotics (Vancomycin) as control. (a)-(f) shows the

2-fold dilutions of peptides based on hBD1. The overall mean percentage of bacterial

growth values for each peptide was used to calculate the p-values are 68(±25), 86, 96,

15, 85, 105, 122, 82 and 76 for antibiotic and HBD-mod1 to HBD-mod8, respectively.

The p-value between HBD-mod1, HBD-mod2, HBD-mod3, HBD-mod4, HBD-mod5,

HBD-mod6, HBD-mod7, HBD-mod8 and the control is 0.008, 0.000, 0.017, 0.000,

0.000, 0.000, 0.13* and 0.97* respectively.

* shows favourable non significant difference
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Figure 6.2 reports the activity of different concentration of designed peptides

based on hBD1 against P. aeruginosa compared to the antibiotic Polymixin B. Similar

to the activity of HBD-mod8 against S. aureus, this peptide shows no significant overall

difference with the p-value of 1.0 when compared to the antibiotic and an overall mean

mean percentage of bacterial growth value of 69 and 68(±9) respectively for HBD-

mod8 and antibiotic. To find the the lowest concentration for this peptide that showed

comparable activity to the antibiotic the lowest concentration was considered and for

this bacteria at 250µM concentration the peptide showed comparable activity to the

antibiotic with p-value of 1.0 and mean value of 68, showing no significant difference.

Although this peptide shows better activity at concentration 500µM with p-value of

7.5 × 10−5 and mean percentage of bacterial growth value of 35 showing a significant

different activity when compared to Polymixin B against P. aeruginosa, it was not used

as the final testing concentration for P. aeruginosa. Instead, 250µM which showed

similar activity to the antibiotic was used as the final testing concentration. Similarly,

HBD-mod7 showed comparable activity with p-value of 0.15 and mean value of 55%

showing no significant difference between its activity and the activity of the antibiotic.

This peptide was not considered in the end due to its poor activity levels overall across

all concentrations. The rest of the peptides showed poor activity with their p-values

below 0.05 and mean percentage of bacterial growth values below the antibiotic.
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Figure 6.2: The mean values for each peptide used to calculate are 68(±9), 105, 103, 95,

97, 100, 103, 102 and 69 for Antibiotic and HBD-mod1 until HBD-mod8, respectively.

The p-value between HBD-mod1, HBD-mod2, HBD-mod3, HBD-mod4, HBD-mod5,

HBD-mod6, HBD-mod7 and the control was 1.0× 10−13 and between HBD-mod8 and

the control was 1.0*. At 500µM , HBD-mo8 with p-value 7.5 × 10−5 ** and it shows

a better activity than antibiotic it also shows similar activity to the antibiotic with

p-value of 1.0* at concentration of 250µM .

* shows favourable non significant difference / ** shows favourable significant difference
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Discussion

The results from the peptides based on hBD1 show that HBD-mod8 showed comparable

activity to their control, Vancomycin and Polymixin B, respectively against S. aureus

and P. aeruginosa with no significant difference in the overall activity in comparison

to the antibiotics. Taking into consideration the concentrations, HBD-mod8 showed a

significant different activity against S. aureus at 250µM and at the same concentration

it showed comparable activity to the antibiotic against P. aeruginosa. Therefore this

peptide was chosen as the peptide with activity against both bacteria at a concentration

of 250µM .

Though HBD-mod7 also showed comparable overall activity to the antibiotic

vancomycin against S. aureus, its activity against P. aeruginosa was not comparable

to Polymixin B, hence this peptide is not a good candidate in terms of its antimicrobial

activity when taking into consideration both bacteria.

Although the initial comparison between the peptide and antibiotic activity was

made using their overall activity levels without taking into consideration the concen-

tration for ease of comparison, the concentration was later taken into consideration

when choosing the value in which the inhibition of bacterial growth was comparable to

the control. If the activity of the peptide including the concentration was taken into

consideration initially, most if not all peptides would have passed the antimicrobial

activity test since they all showed comparable levels of activity to the control at their

highest concentration. In order to avoid having to choose the highest concentration

since in most instances higher concentrations of peptides are costly [158] and they usu-

ally lead to cell toxicity [209], the method used was designed so the concentration did

not effect the selection process initially and it was only used to find the comparable

value to the control in the most effective peptide after the selection process.

Since HBD-mod8 showed the most activity compared to the other peptides,
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this can be attributed to its ideal alpha helical structure and the investigation into its

alanine scan will reveal its most active moieties for its activity against both bacteria.

Since this peptide is a combination of active residues at each position in the antimicro-

bial peptide databases and hBD1 where each position was changed to achieve an alpha

helical structure, it is understandable that it showed the most antimicrobial activity.

It is also important to note that this peptide shows better activity level against

S. aureus, which is against the literature with most positively charged antimicrobial

peptides showing better activity levels against Gram-negative bacteria due to the elec-

trostatic attraction [89], [210]. This could be attributed to the 33% hydrophobicity

of HBD-mod8, which has been proven to be an important factor in the activity of

antimicrobial peptides against Gram-negative bacteria [56]. Other reasons, could be

attributed to the activity of this peptide which is not solely based on membrane at-

traction and structure. This peptide could be neutralising the bacteria toxins such as

exotoxin A of P. aeruginosa [91] and S. aureus exotoxins, seen in the literature, espe-

cially with defensins that generally show their activity through different mechanisms

[55].
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6.1.2 Bacterial viability for hBD3 analogous

Introduction

Similar to the peptides based on hBD1, Figures 6.3 and 6.4 show the activity of the pep-

tides based on hBD3 against S. aureus and P. aeruginosa at six concentrations to find

the most effective peptide that shows comparable activity to the control, vancomycin

and Polymixin B, respectively.

The percentage of bacterial growth values were also calculated similar to the last

experiment mentioned above by taking into consideration the OD of the bacteria for

each experiment on each day to insure that data collected on different days are compa-

rable to one another. The starting concentration of the peptides used was 500µM and

using 2-fold dilution the final concentration was 16µM . The p-values were calculated

through One Factor ANOVA test with the follow up of Dunnett’s and Tukey HSD to

find the significance of the activity of each peptide in comparison to the antibiotic as a

whole with and without the consideration of the concentration. Through this analysis

where the p-value was above 0.05 and the mean value of the peptide is close or above

the mean percentage of bacterial growth of the antibiotic, the peptide was considered

to show non-inferior activity compared to the control antibiotic. Where the p-value of

the peptide was below 0.05 with the mean mean percentage of bacterial growth value

above the antibiotic this result is significant and shows antimicrobial activity better

than that of the antibiotic.

Results

Figure 6.3 shows the activity of the peptides based on hBD3 against S. aureus with

the antibiotic vancomycin as the control. Each peptide activity was compared to the

activity of the antibiotic and the statistical analysis shows no significant difference
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between the overall activity of HBD3-mod1 and the activity of vancomycin with a

p-value of 0.06 and the mean value greater than the mean value of vancomycin at

30 and 41(±9)%, respectively. This peptide shows a high level of activity across all

concentrations but the lowest concentration that shows comparable activity to the

control was shown to be 31µM with a p-value of 0.9 showing no significant difference

with the mean percentage of bacterial growth of 36%. This peptide does not retain its

activity levels at 16µM concentration with a p-value of 2× 10−14.

The remaining peptides show activity of significant difference compared to the

activity of vancomycin with mean percentage of bacterial growth, lower than the an-

tibiotic. This Figure also shows the different concentrations starting from 500µM and

ending with the concentration of 16µM . It can be seen that all the peptides show

similar activity to the vancomycin against the bacteria at the highest concentration of

500µM .
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Figure 6.3: The effect of peptides based on hBD3 as well as their differing concen-

trations on S. aureus survival with its corresponding antibiotics (Vancomycin). The

overall mean percentage of bacterial growth values for each peptide used to calculate

the p-values are 41(±9), 30, 76, 75, 74, 79, 97 and 87 for Antibiotic and HBD3-mod1

until HBD3-mod7, respectively. The p-value between HBD3-mod1 and the control was

0.06*, between HBD3-mod2, HBD3-mod3, HBD3-mod4, HBD3-mod5, HBD3-mod6,

HBD3-mod7 and the control was, 1.2 × 10−13. HBD3-mod1 no significant difference

with p-value of 0.9* at 31µM

* shows favourable no significant difference

124



Biological characterisation

Figure 6.4 shows the activity of the peptides based on hBD3 against P. aerugi-

nosa and its control, Polymixin B. From this figure and the statistical analysis it can be

seen that all peptides show significantly different overall activity in comparison to the

activity of Polymixin B against the bacteria. With all the mean values smaller than the

mean value of the Polymixin B this significant difference is notable. This figure shows

the comparison between the activity of peptides in different concentrations against the

bacteria starting from 500µM and ending with the concentration of 16µM .

Although the activity of the peptides against the bacteria does not follow the

same trend as that of S. aureus, it is notable to mention that HBD3-mod1 shows high

activity levels against the bacteria at the majority of the concentrations and to compare

the activity of the peptide in a specific concentration, it shows comparable activity to

the antibiotic with a p-value of 0.06 at 31µM concentration. Similarly, HBD3-mod2

also shows comparable activity to the antibiotic at 125µM concentration with p-value

of 0.9 where its mean percentage of bacterial growth value, similar to the antibiotic.

These two concentrations could both be considered as they showed comparable activity

to the control against P. aeruginosa.
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Figure 6.4: The effect of peptides as well as their concentrations on P. aeruginosa

survival with its corresponding antibiotics (Polymixin B) as control showing the 2-

fold dilutions of peptides based on hBD3. The mean values for each peptide used

to calculate the p-value are 24(±5), 37, 62, 129, 127, 79, -106, 88 for Antibiotic and

HBD3-mod1 until HBD3-mod7, respectively. The p-value between HBD3-mod1 and

the control is 0.02 and 1.2 × 10−13 between HBD3-mod2, HBD3-mod3, HBD3-mod4,

HBD3-mod5, HBD3-mod6, HBD3-mod7 and the control. All values show a significant

difference between their activity against P. aeruginosa and the peptides meaning none

of the peptides show an overall activity similar to the antibiotic tested with HBD3-

mod1* and HBD3-mod2* showing favourable significance Although the antibiotic is

included in every graph it was only tested at its critical MIC found in the literature

and was not tested at different concentration.

* shows favourable no significant difference
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Discussion

The statistical analysis on the activity of peptides based against hBD3 against the

two bacteria, P. aeruginosa and S. aureus shows that HBD3-mod1 shows comparable

activity to the antibiotic against both strains active concentration of 31µM . Although

this peptide does not show an overall activity comparable to the activity of Polymixin

B against P. aeruginosa the activity at each concentration is comparable to the activ-

ity of Polymixin B. HBD3-mod2 also shows high activity against P. aeruginosa with

MIC of 125µM and against S. aureus with active concentration of 250µM . The re-

maining peptides based on hBD3 all show a significant difference when compared to

the antibiotic against both bacteria with mean values all below the antibiotic’s.

The high level of activity of HBD3-mod1 can be attributed to its alpha helical

structure and the placement of its hydrophobic residues equally situated on both sides

of the helical structure in clusters of three 3.7a, which is shown in the literature to

be the optimal antimicrobial structure [211]. The lack of activity for the remaining

peptides can also be attributed to the loss of hydrophobicity in the sequence of the

peptide coupled with its loss of equally positioned hydrophobic residues on both sides

of the helical structure.

This peptide also shows equal activity against both bacteria showing that the

sequence shows the most promise to be an effective antimicrobial peptide.
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6.1.3 The effect of alanine substitution on the activity of HBD-

mod8 against Gram-positive and Gram-negative bacteria

Introduction

To find the most important residues conferring activity in HBD-mod8 an alanine sub-

stitution test was carried out. This substitution was performed for different concen-

trations of the peptides from 500µM to 16µM shown in log form. Each peptide was

numbered after each substitution and when an Ala residue already resided in the se-

quence, the sequence was not modified and was kept as its original HBD-mod8 format.

The results are also shown in bar chart format in appendix section three(C).

Additionally, each result section was split into two different comparisons, one

between the original peptide HBD-mod8 and the substituted peptides and one between

the antibiotics and the substituted peptides. The p-values reported in the legend of

each figure draw the comparison between the activity of each peptide and the activity

of the antibiotic.

Similar to the previous sections, a One Factor ANOVA test was performed along

with the Dunnett’s test and the Tukey HSD test as a follow-up to find the significant

difference between the activity of that of the antibiotic and the alanines substitution

of the HBD-mod8. This test was also done to find the significant difference of the

substitutions on the activity of the HBD-mod8.

In this section however, in addition to the two bacteria P. aeruginosa and S.

aureus, E. coli was also used due to its frequency as a pathogen of the gut and urogenital

tract. Although this bacterium is not common in the site of incisions or the implant

surface it is an important bacterium that is frequently studied in the literature as a

representation of Gram-negative model organism [86], [212]. Additionally, this bacteria

is one of the most resistant strains similar to the other two bacterium and to find a
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peptide that may bypass this resistance is valuable [1], [213].

Results

The effect of alanine substitution on the activity of HBD-mod8 against S.

aureus

Figure 6.5 shows the effect of alanine substitution on the activity of HBD-mod8 (7.1)

against S. aureus. As seen in this figure 3HBD-mod8, 10HBD-mod8, 13-15HBD-mod8

all show similar activity in comparison to HBD-mod8 against S. aureus. The p-values

are 0.9, 0.08, 1, 0.9 and 1, respectively showing no significant difference between their

activity. The remaining peptides all show a significant different activity when compared

to the activity of HBD-mod8 with p-values lower than 0.05 and mean values lower than

the mean percentage of bacterial growth for HBD-mod8 therefore their activity is less

desirable than HBD-mod8.

The effect of alanine substitutions in comparison to Vancomycin against S.

aureus

The comparison between the activity of the alanine substituted peptides and the an-

tibiotic shows a significant difference between 3HBD-mod8 and 13-15HBD-mod8 with

p-values below 0.05 and mean percentage of bacterial growth higher than antibiotic.

Although, 10HBD-mod8 maintains its activity pattern when compared to the antibi-

otic and it shows no significant different activity against the bacteria. In addition to

10HBD-mod8, 11HBD-mod8 also shows no significant difference when compared to

the activity of antibiotic with mean values close to the antibiotic. As shown previously

in section 6.1.1, HBD-mod8 displays strong activity against S. aureus with the mean

value of 44 percentage of bacterial growth when compared to the activity of the an-
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Figure 6.5: The effect of alanine substitution on antimicrobial activity of HBD-mod8

against S. aureus.

According to the statistical analysis HBD-mod8, shows significant difference when com-

pared to the activity of vancomycin with a p-value of 0.002. Similarly, 3HBD-mod8,

13HBD-mod8, 14HBD-mod and 15HBD-mod8 also show a significant difference when

compared to the activity of vancomycin with the p-values of 5.2×10−5, 0.001, 3.9×10−5

and 6.8× 10−5. On the other hand 10HBD-mod8 and 11HBD-mod8 show an activity

comparable to that of the antibiotic with mean value of 49(±14) and p-values of 1 and

0.9 respectively.

tibiotic with the mean percentage of bacterial growth of 49(±14)%, showing significant

different activity with a p-value of 0.002.
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The effect of alanine substitution on the activity of HBD-mod8 against P.

aeruginosa

Figure 6.6 shows the effect of the alanine substitution on the activity of the HBD-

mod8 against P. aeruginosa. With p-value of 0.08, 1HBD-mod8 shows similar activity

to that of the HBD-mod8 with mean percentage of bacterial growth value of 14%

when compared to to that of 35% for HBD-mod8. 4HBD-mod8, on the other hand

shows significantly different activity with higher mean percentage of bacterial growth

at 9% and a p-value of 0.001. The remaining peptides either show weaker activity

with p-values indicative of unfavourable significance with mean values below that of

HBD-mod8.

The effect of alanine substitutions in comparison to Polymixin B against P.

aeruginosa

The p-values reported in the legend of figure 6.6 reflect the comparison of the activity

between the antibiotic and the peptides showing no significant difference between the

activity of HBD-mod8 as shown previously in section 6.1.1. This trend continues with

1HBD-mod8 where the p-value of 0.2 indicates no significant difference between the

two activities. Similarly the activity of 4HBD-mod8 is significantly different in favour

of the peptide with a mean value higher than the antibiotic. The remaining peptides

all show significantly different activity and lower mean value than the activity of the

antibiotic with 33(±8)% mean percentage of bacterial growth.
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Figure 6.6: The activity of alanine substitution on the activity of HBD-mod8 against

P. aeruginosa.

According to the statistical analysis HBD-mod8, shows no significant difference with the

activity of the antibiotic as previously shown with a p-value of 1 against P. aeruginosa.

1HBD-mod8 also shows comparable activity to that of Polymixin B with the p-value

of 0.2. On the other hand 4HBD-mod8 shows a better activity than the antibiotic

with a p-value of 0.005 and the mean value of 9% which is also larger than the mean

value of the antibiotic at 33(±8)%. The other peptides all show a significantly different

activity when compared to the activity of the antibiotic with mean values smaller than

the mean value of the antibiotic.
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The effect of alanine substitution on the activity of HBD-mod8 against E.

coli

The activity of the substituted peptides against E. coli is shown in Figure 6.7. The

activity comparison between the alanine substituted peptides and HBD-mod8 shows

similar activity against E. coli, in the majority of the peptides with the exception

of 1-2HBD-mod8, 6HBD-mod8, 8-9HBD-mod8,12-13HBD-mod8, and 15HBD-mod8

showing significant difference with p-values below 0.05 and mean values below that

of HBD-mod8. The remaining peptides (HBD-mod8, 3-5HBD-mod8, 7HBD-mod8, 10-

11HBD-mod8, 14HBD-mod8, 16-19HBD-mod8 all show similar activity to HBD-mod8

with a p-values of 1 showing no significant difference between their activity and mean

values either higher or similar to that of HBD-mod8 showing, 9% mean percentage of

bacterial growth.

The effect of alanine substitutions in comparison to Ciprofloxacin against

E. coli

The activity of the substituted peptides compared to the antibiotic mimics the sim-

ilarity between the result of the comparison between the peptides and their original

sequence, HBD-mod8 where, 1-2HBD-mod8, 6HBD-mod8, 8-9HBD-mod8,12-13HBD-

mod8, and 15HBD-mod8 show significantly different activity and 3-5HBD-mod8, 7HBD-

mod8, 10-11HBD-mod8, 14HBD-mod8, 16-19HBD-mod8 show no significant difference

when compared to the antibiotic.
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Figure 6.7: The activity of alanine substitution on the activity of HBD-mod8 against

E. coli.

According to the statistical analysis the majority of the peptides show no significant

difference when compared to the activity of the antibiotic at 14(±6)%. 1-2HBD-mod8,

6-9HBD-mod8, 12-13HBD-mod8 and 15HBD-mod8 all show a significant difference

when compared to the activity of the antibiotic ciprofloxacin with mean values below

that of the antibiotics.
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Discussion

According to the data presented, peptide 3HBD-mod8 with the sequence GLAP-

KLAKIFTLTKWKTYRGKAK and 14HBD-mod8 GLGPKLAKIFTLTAWKTYRGKAK

with hydrophobicity of 61% show similar activity to that of the original HBD-mod8

with the sequence GLGPKLAKIFTLTKWKTYRGKAK against S. aureus and E. coli

which suggests the insignificance of Glycine (Gly - G) in the 3rd and Lysine (Lys - K) in

the 14th position of the peptide when considering their activity against the mentioned

bacteria.

10HBD-mod8 with the sequence of GLGPKLAKIFALAKWKTYRGKAK with

hydrophobicity of 43% is the only peptide that shows comparable activity to that of

HBD-mod8 although its activity against P. aeruginosa does show significantly different

results, the p-value is close to 0.05 with a mean value close to that of HBD-mod8, hence

this peptide is also taken into consideration in this comparison due to its good activity

levels against the two other bacteria. This activity could be attributed to its high level

of hydrophobicity.

Of note is 4HBD-mod8 with the sequence of GLGAKLAKIFTLTKWKTYRGKAK

that shows notably high activity against both Gram-negative bacteria whilst showing

a very poor activity against the Gram-positive bacteria. This could be attributed to

the presence of Proline (Pro - P) which may help fold the structure in favour of the

Gram-negative bacteria. It is also notable that most of the peptides that did not show

an activity against the other two bacteria showed a very high activity against E. coli.

Which could be explained by the targeted activity of these positively charged peptides

against the least challenging Gram-negative bacteria.

Figure 6.8 shows the heatmap highlighting the most effective peptides with

the alanine substitutes that can be used to determine the most active motifs within

the peptide responsible for the activity of HBD-mod8 against each bacteria. This
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heatmap also includes information regarding the least favourable amino acid residues

that either do not have an effect on the activity of the peptide or reduce its activity

against the bacteria. Peptides 6HBD-, 8HBD- and 9HBD-mod8 as well as 12HBD-

mod8 show the weakest activity across all the species of bacteria. The importance of

the motif LAKIFTL can be highlighted since it shows to be detrimental to the activity

of HBD-mod8. The last RGKAK motif is also important since the activity of the

peptide is compromised in S. aureus and P. aeruginosa but it is retained in E. coli.

The importance of the mentioned motif can be due to the penetrative ability of the

peptide towards the membrane. The motif with AKI is also shown to be present in

an antimicrobial peptide that is active against Gram-positive, Gram-negaive and fungi

with the sequence of FLPKLFAKITKKNMAHIR.

It is important to note the discrepancy between the effect of the peptides against

P. aeruginosa and E. coli, even though both peptides are of Gram-negative origin,

most if not all peptides except for 2HBD-, 6HBD-, 9HBD-, 12HBD-, 13HBD- and

15HBD-mod8 show low level of activity against E. coli. The same statemnt cannot

be concluded from the activity of the peptides against P. aeruginosa, with 5HBD-,

6HBD-, 7HBD-, 11HBD-, 12HBD-, 14-19HBD-mod8 all showing low level of activity

and the only peptides shared between the two showing lower activity levels are 6HBD-

and 12HBD-mod8. The reason for this discrepancy can be attributed to the overall

better activity of antimicrobial peptides against E. coli. This was also observed with

Klebsiella pneumoniae (K.pneumoniae) and P. aeruginosa where the discrepancy was

explained by the increased stability of the AMPs against P. aeruginosa [214]. Although

it is of note that the E. coli strain also showed high level of growth inhibition against

the antibiotic so the activity level of the peptides could also be due to the freshness

of the bacterial species which may have not built as much resistance due to higher

passage number.
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(a) p-values (b) Mean percentage of bacterial growth

Figure 6.8: The heatmap of the effectiveness of each peptide based on their p-value as

well as the mean percentage of bacterial growth Each colour is representative of the

effectiveness of the peptide against each bacteria. The colour Green is indicative of

an effective peptide with either a larger mean value in comparison to HBD-mod8 or a

mean value similar to that of the HBD-mod8. Colour Yellow is indicative of significant

different values that could be caused by a larger mean value which called favourable sig-

nificant different or lower mean value called unfavourable significant difference. Colour

Red is indicative of unfavourable significant difference. The two heatmaps should be

considered together for the result interpretation.
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6.1.4 Development of bacterial resistance against HBD-mod8

Introduction

To study the emergence of resistance against HBD-mod8, a series of cultures were

designed using the mixture of bacteria and the peptide at sub-MIC concentration as

the inoculum instead of the standard bacteria only inoculum. Each inoculum was then

diluted to an optical density of 0.1 OD and the experiments were conducted similar

to the methodology mentioned in section 2.4 of the microbial studies. This study was

performed to determine how fast resistance against the peptide might arise. The cycles

were continued until all three wells showed a mean percentage of bacterial growth of

below 50%.

Results

Figure 6.9 shows the resistance cycle of S. aureus against HBD-mod8. As it can

be seen in this figure, the bacteria show resistance towards the peptide in second

cycle. The experiments were continued to find whether the resistance was due to the

growth phase of the bacteria. For this bacteria cycle 15 was the last cycle in which the

experiments were stopped due to the cut off point of 90% growth of bacteria at the

highest concentration. Figure 6.10 shows the resistance cycle of P. aeruginosa against

HBD-mod8. As it can be seen in this figure, the bacteria show resistance towards the

peptide in third cycle and it specifically only showed favourable activity at its highest

concentration of 500µM in the first cycle whilst other concentrations showed subpar

activity. The experiments were continued to find whether the resistance was due to

the growth phase of the bacteria. For this bacteria cycle 19 was the last cycle in which

the experiments were stopped due to the cut off point of 90% growth of bacteria at the

highest concentration.
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Figure 6.9: Resistance cycles of HBD-mod8 against S. aureus. The cycles were repeated

until a percentage of bacterial growth had reached 90% is reached. It can be seen that S.

aureus continues its growth pattern for 15 cycles against HBD-mod8 before becoming

full resistance.
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Figure 6.10: Resistance cycles of HBD-mod8 against P. aeruginosa. The cycles were

repeated until a percentage of bacterial growth had reached 90% is reached. It can be

seen that P. aeruginosa continues its growth pattern for 16 cycles against HBD-mod8

before becoming full resistance.

Figure 6.11 shows the resistance cycle of E. coli against HBD-mod8. The ex-

periments were continued until 19th cycle and when the percentage of bacterial growth

reached above 90% in all three wells the experiments and the cycles continually followed

the downward trend of activity of the peptide they were no longer continued. Due to

the fluctuations in the growth of the bacteria the experiments were continued since it

would not show consistent stunted growth. Once a consistent stunted growth above

90% was reached the cycles were stopped. Overall, the bacteria shows non resistance

with a cut off of 50% at the 7th cycle with the 16th cycle as an outlier showing high

activity levels at the highest concentration.
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Figure 6.11: Resistance cycles of HBD-mod8 against E. coli. The cycles were repeated

until a percentage of bacterial growth had reached 90% is reached. It can be seen that

E. coli continues its growth pattern for 19 cycles against HBD-mod8 before becoming

full resistance.

Discussion

It can be seen from these results that the peptide did not combat bacterial resistance

and only until the second cycle for both S. aureus and P. aeruginosa it showed an

activity. Unlike these bacteria E. coli showed a mix of resistance in different cycles so

it is difficult to draw a cohesive conclusion from these results. Each bacteria showed a

noticeable resistance in between each cycle, but the peptide was able to overcome this

resistance against E. coli. Since S. aureus showed the fastest resistance development

which is consistent with the literature as S. aureus is one of the most difficult bacteria

to overcome in terms of its resistance mechanisms against antimicrobial agents. It
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could also be explained by the bacterium growth stage from which the inoculum was

taken, which could have varied greatly between each cycle. Bacteria have three stages

of growth, first is the Lag phase second is a long phase third is the stationary phase

which is followed by bacterial death. The presence of bacteria in the stationary phase

in the cycles which showed the most least percentage bacterial growth could explain

the mixed trend observed in the cycles especially in E. coli [215].

6.2 The effect of HBD-mod8 and its alanine substi-

tutes on the viability of HeLa cells.

Introduction

Since it was established that HBD-mod8 is a strong contender as an antimicrobial

agent, this peptide was tested against human HeLa cells. The cells were chosen as a

model epithelial cells to mimic the cells that normally produce antimicrobial peptides.

Hence they would be the best model to study the affect of these peptides on viability

of the cells [191]. In addition to testing the activity of HBD-mod8 at all 6 concentra-

tions against HeLa cells the activity of the alanine substitutes of this peptide were also

tested to find a pattern between the sequence and the cytotoxicity of this peptide. The

resulting OD was measured after the addition of MTT assay determining mitochon-

drial dehydrogenase activity in the living cells [190]. During this reaction the MTT

molecules interact with the dehydrogenase (3-[4,5- dimethylthiazol-2-yl]-2,5-diphenyl

tetrazolium bromide) and through reduction produce formazan crystals that will lead

to the formation of a dark blue colour helping, the colorimetric measurement of cell

viability [77]. Due to the overgrowth of cells which was observed to be higher than

100% viability the results were all normalised to show a maximum of 100%.
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Results

As shown in figure 6.12, HBD-mod8 shows a slight cytotoxic activity towards HeLa

cells at its highest concentration of 500µM with 20% of cell death observed. However

due to the normalisation of the results this value is increased to 30% on the graph

and the cell viability shows 60%. to Due to the normalisation used to treat the results

the viability of cells are lower than the actual results at this concentration. Although

HBD-mod8 shows the best activity towards cells when compared to other peptides in

the alanien substitution series. This pattern was also observed in all peptides with the

alanine substitutions except in 2-5HBD-mod8 where they display a toxic effect roughly

through the highest 3 concentrations. It can also be seen that the remaining peptides

except for 1HBD-mod8, 6HBD-mod8 and 9HBD-mod8, all show complete cell death

at 500µM . At concentrations below 31µM it can be seen that all the peptides induce

no cytotoxicity in the cells and they promote growth of the cells that is combated by

the normalisation of the data. Figure C.11 in appendix C, shows the bar chart data

for these peptide series without normalisation.

Discussion

These results highlight the effect of HBD-mod8 as its original form showing the highest

activity against the bacterial species tested and it is also the least toxic at its lowest

concentration that invoked activity against all bacteria tested. It can also be seen that

1HBD-mod8 shows similar pattern to HBD-mod8 against HeLa cells meaning that the

Gly at the start of the sequence does not have a cytotoxic effect. Similarly, 6HBD-mod8

with the sequence GLGPKAAKIFTKWKTYRGKAK where the first Leucine (Leu -

L) was substituted with Ala, is also not as toxic towards these cells. 5HBD-mod8

with the sequence GLGPALAKIFTKWKTYRGKAK is one of the worst performing
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Figure 6.12: The effect of HBD-mod8 and its alanine substitutes on HeLa cells. This

figure was produced using three repeats of each peptide in three different wells on three

different plates and the combination of the results produced the standard deviation lines

shown in black after 24 hour incubation of cells with the peptides and the results were

shown for MTT assay after 4 hour incubation. The data was normalised to show a

100% cell viability as the maximum amount so other values were reduced.

peptides when compared to the rest of the peptides in this series. This highlights the

importance of the Lysine (Lys - K) in the sequence considering its activity poor activity

against the bacteria but it’s strong activity against the cells that leads to cell death in

concentrations concentrations higher than 31µM .

In general the first motif of LGPK seems to be detrimental to the low cytotoxi-

city of HBD-mod8 against the HeLa cells. It can also be concluded that the motif after

9HBD-mod8, TKWKTYRGKAK also plays an important role on the toxicity of the

peptides at the higher concentrations with 14HBD-mod8, displaying similar activity to

that of 5HBD-mod8 with slight improvement on the activity against the cells at 63uM

concentrations.
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According to [216] the replacement of Leucine (Leu, L) and IsoLeucine (Ile, I)

in the substituted peptides increases the toxicity level of the overall peptide. In the

present study this hypothesis has partly applied, and the only peptide that negates

this hypothesis is 6HBD-mod8 that shows similar cytotoxicity profile as HBD-mod8.

Additionally, the activity of 4HBD-mod8 that shows high level of activity against

both Gram-negative bacteria is also amongst one of the most cytotoxic peptides in the

series highlighting the importance of Proline (Pro, P) in the Gram-positive activity

and the non cytotoxic affect of these peptides.
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7.1 Serum Analysis

7.1.1 Introduction

The peptide that showed the most antimicrobial activity was subjected to the stability

analysis to find whether its activity on the biological membrane is due to its sequence as

a whole or the activity is due to the fractions of peptides that are formed in a biological

environment. Additionally, this peptide along with its alanine substitutes were also

analysed to find a pattern of degradation and to find which motifs in the sequence

of these peptides show the most stability in a biological environment. To do so, a

combination of results were taken into consideration from different methodologies. The

combination of the chromatogram and spectrum from the LC-MS were first produced

and the mass spectrum of the most likely peak in the serum sample of the peptide

was then generated to find which fractions existed in the sample with the serum when

compared to the original peptide sample in normal media. This sample was then placed

on MALDI-TOF and analysed further to find more information about their overall mass

spectrum finger print. Serum control can be found in appendix A in figure A.4.

7.1.2 Results

Table 7.1 shows the alanine substitution sequences based on HBD-mod8 which ac-

cording to chapter 6 was shown to produce the most consistent antimicrobial activity

against all pathogens considered for this study while maintaining its non cytotoxic ac-

tivity against normal human cell lines. This table also shows the molecular weight of

the peptides which was used to analyse the serum stability of each peptide according

to the mass spectrometry data shown in figure 7.1 recorded through the use of LC-MS.

The alanine substituted residues are indicated by a red colour in the table for ease of

tracking.
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Table 7.1: Alanine(Ala, A) substitution of HBD-mod8 shown alongside the molecular

weight of the sequences. A key for amino acid figure A.1 one letter word and their

structure can be found in appendix A

Name Sequence Molecular Weight(MW)(g/mol)

HBD-mod8 GLGPKLAKIFTKWKTYRGKAK 2391

1HBD-mod8 ALGPKLAKIFTKWKTYRGKAK 2405

2HBD-mod8 GAGPKLAKIFTKWKTYRGKAK 2350

3HBD-mod8 GLAPKLAKIFTKWKTYRGKAK 2406

4HBD-mod8 GLGAKLAKIFTKWKTYRGKAK 2334

5HBD-mod8 GLGPALAKIFTKWKTYRGKAK 2334

6HBD-mod8 GLGPKAAKIFTKWKTYRGKAK 2349

7HBD-mod8 GLGPKLAAIFTKWKTYRGKAK 2334

8HBD-mod8 GLGPKLAKAFTKWKTYRGKAK 2349

9HBD-mod8 GLGPKLAKIATKWKTYRGKAK 2316

10HBD-mod8 GLGPKLAKIFAKWKTYRGKAK 2362

11HBD-mod8 GLGPKLAKIFTAWKTYRGKAK 2335

12HBD-mod8 GLGPKLAKIFTKAKTYRGKAK 2278

13HBD-mod8 GLGPKLAKIFTKWATYRGKAK 2335

14HBD-mod8 GLGPKLAKIFTKWKAYRGKAK 2362

15HBD-mod8 GLGPKLAKIFTKWKTARGKAK 2230

16HBD-mod8 GLGPKLAKIFTKWKTYAGKAK 2307

17HBD-mod8 GLGPKLAKIFTKWKTYRAKAK 2406

18HBD-mod8 GLGPKLAKIFTKWKTYRGAAK 2335

19HBD-mod8 GLGPKLAKIFTKWKTYRGKAA 2335
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HBD-mod8 in figure 7.1i shows the presence of motif IFTK which has a mass of

507 present in this figure at 2.475 minute followed by motif PKLAKIFTKTWKTYR

with mass of 1881 which is shown by the highest peak in this figure at 627(m/z). This

motif shows a digestion site for Glycine (Gly - G) since it begins after a Gly residue

and is ended before one. 1HBD-mod8 in figure 7.1b shows the motif LGPKLAKIFTK

with the molecular weight of 1225 which is shown by 404(m/z) and 608(m/z) on the

mass spectrum at 2.886. This spectrum also shows the 1205 mass which could indi-

cate this motif as +10 charges are added. Motif AKLAKIFTKWK with the mass to

charge ratio of 672 and molecular weight of 1333 is shown in figure 7.1e along with

KLAKIFT with the mass of 820 for peptide 4HBD-mod8 at 2.372. There is also the

peak at 1024 which could be indicative of motif AKLAKIFTK. Figure 7.1g shows

the motif KWKTYRGKAK formed from 6HBD-mod8 with the mass of 1265 at 2.44.

Motif PKAAKIFTKWKTYR is also found in this figure under 1738 mass to charge

peak. Motif PKAAKIFTKWKTYRGKAK is also present at 707 mass to charge ratio.

AAKIFTKWKTYRGK is shown by 842 with the loss of NH2. Figure 7.1h and 7.1i

show the fragment FTKWTYRGKAK with the mass to charge ratio of 693 which is

the highest peak in their corresponding spectrum both eluting at 2.406 minute. Figure

7.1j shows the fragments PKLAKIATKWKTYRGKAK and KIATKWKTYRGKAK

shown on peaks 698 and 561, respectively.

Figures 7.1k and 7.1l show the fragment of LAKIFTAWKTYRGKAK at 2.475

and 2.44 minutes, respectively with mass to charge ratio of 627. 11HBD-mod8 also

shows a peak at 1251 that belongs to the fraction FTAWKTYRGK. 12HBD-mod8

in figure 7.1m shows the fragment of FTKAKTYRGKAK with the mass to charge

ratio of 698. 13HBD-mod8 makes similar fragments to that of 11HBD-mod8 since the

change is between two Lysine (Lys - K) residues on either side of the Tryptophan (Try

- W). Hence the fragmented motif is LAKIFTKWATYRGKAK at 2.476 minute shown

in figure 7.1n as well as fragment FTKWATYRGK at 1252 which was also present in

11HBD-mod8 due to the Lysine (Lys - K) replacement in both instances. However, this
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peptide is also fragmented at GLGPKLAKIFTKWAT with the mass to charge ratio

of 544 at 2.783 minutes shown in figure 7.1o. YRGKAK is the fragment from 14HBD-

mod8 shown in figure 7.1p with the mass of 726 at 2.44 minutes. AKIFTKWK is

also formed from this peptide represented by 1023 mass to charge ratio. 15HBD-mod8

showed the fragment AKIFTKWKTARG at 2.475 minutes with mass to charge ratio

of 698 and the fragment LAKIFTKWKTA at 1312 mass to charge ratio corresponding

to the peaks in figure 7.1q.

16HBD-mod8 at 2.475 corresponds to the motif PKLAKIFTKWKTYAGK with

the mass to charge ratio of 626 with 3+ charges shown in figure 7.1r. Figure 7.1s

represents the motif LAKIFTKWKTY with mass to charge ratio of 698 with 2+ charges

at 2.406. 17HBD-mod8 showed the motif WKTY with the mass of 596 as well as

AIFTKWKTYRAKA with the mass to charge ratio of 793 shown in figure 7.1t. In

this figure AKIF is also fragmented from the full sequence shown through the mass

of 477. Similar to 16HBD-mod8, both 18HBD-mod8 and 19HBD-mod8, fragment at

PKLAKIFTKWKTYAGK shown in figure 7.1v and 7.1x respectively at 2.475 minutes

and LAKIFTKWKTY fragment at 2.405 minutes respectively shown in figure 7.1u

and 7.1w respectively. 18HBD-mod8 also shows the fragment of TKWKTYRG at

1031 shown in figure 7.1u.

Figure 7.1c and 7.1k show 2HBD-mod8 and 10HBD-mod8 which remain intact

in serum with m/z ratio of 585 charge of +4 at 2.04 minute and 787 at 2.475 with the

charge of +3. This peptide however also fragments into either KTYRG or TYRGK

with the mass of 624.

3HBD-mod8 in figure 7.1d and 5HBD-mod8 in figure 7.1f show the mass to

charge ratio spectrum for which does not show any clear pattern that would suggest

the formation of a specific motif.
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(a) Mass spectrum of the highest chromatographic peak of HBD-

mod8 in Serum

(b) Mass spectrum of the highest chromatographic peak of 1HBD-

mod8 in Serum

(c) Mass spectrum of the highest chromatographic peak of 2HBD-

mod8 in Serum
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(d) Mass spectrum of the chromatographic peak of 3HBD-mod8 in

Serum

(e) Mass spectrum of the chromatographic peak of 4HBD-mod8 in

Serum

(f) Mass spectrum of the chromatographic peak of 5HBD-mod8 in

Serum
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(g) Mass spectrum of the chromatographic peak of 6HBD-mod8 in

Serum

(h) Mass spectrum of the chromatographic peak of 7HBD-mod8 in

Serum

(i) Mass spectrum of the chromatographic peak of 8HBD-mod8 in

Serum
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(j) Mass spectrum of the chromatographic peak of 9HBD-mod8 in

Serum

(k) Mass spectrum of the chromatographic peak of 10HBD-mod8

in Serum

(l) Mass spectrum of the chromatographic peak of 11HBD-mod8 in

Serum
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(m) Mass spectrum of the chromatographic peak of 12HBD-mod8

in Serum

(n) Mass spectrum of the 1st chromatographic peak of 13HBD-

mod8 in Serum

(o) Mass spectrum of the 2nd chromatographic peak of 13HBD-

mod8 in Serum
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(p) Mass spectrum of the chromatographic peak of 14HBD-mod8

in Serum

(q) Mass spectrum of the chromatographic peak of 15HBD-mod8

in Serum

(r) Mass spectrum of the 1st chromatographic peak of 16HBD-mod8

in Serum
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(s) Mass spectrum of the 2nd chromatographic peak of 16HBD-

mod8 in Serum

(t) Mass spectrum of the chromatographic peak of 17HBD-mod8 in

Serum

(u) Mass spectrum of the 1st chromatographic peak of 18HBD-

mod8 in Serum
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(v) Mass spectrum of the 2nd chromatographic peak of 18HBD-

mod8 in Serum

(w) Mass spectrum of the 1st chromatographic peak of 19HBD-

mod8 in Serum

(x) Mass spectrum of the 2nd chromatographic peak of 19HBD-

mod8 in Serum
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Figure 7.1: LC-MS data showing the degradation of the peptides with alanine substitu-

tions based on HBD-mod8 in the most prominent peak found through chromatography.

Using this methodology the most active motif of the peptide after degradation can be

found through combination of this results and microbiology analysis of the activity of

each peptide.

These figures were produced using the MassLynx, and the peaks were identified man-

ually.

The fragmentation pattern discussed have also been shown in table 7.2 for HBD-

mod8 and its alanine substitutes. This table shows the mass to charge ratio and the

charge of each fragment which can then be multiplied to calculate the actual mass of

the peptide. For those with 1+ charge the mass is identical to the mass to charge ratio

of the fragments.
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Table 7.2: Fragmentation pattern of alanine substituted HBD-mod8 peptides against

human serum.

Name Fragments Mass to charge ratio(m/z) Charge

HBD-mod8 PKLAKIFTKTWKTYR 627 3+

HBD-mod8 IFTK 507 1+

1HBD-mod8 LGPKLAKIFTK 608 2+

2HBD-mod8 GLAPKLAKIFTKWKTYRGKAK 585 4+

4HBD-mod8 AKLAKIFTKWK 672 2+

4HBD-mod8 KLAKIFT 820 1+

4HBD-mod8 AKLAKIFTK 1024 1+

6HBD-mod8 KWKTYRGKAK 1265 1+

6HBD-mod8 PKAAKIFTKWKTYR 1738 1+

6HBD-mod8 PKAAKIFTKWKTYRGKAK 707 4+

6HBD-mod8 AAKIFTKWKTYRGK 842 2+

7 and 8HBD-mod8 FTKWTYRGKAK 693 2+

9HBD-mod8 PKLAKIATKWKTYRGKAK 698 3+

9HBD-mod8 KLAKIATKWKTYRGKAK 663 3+

11 and 13HBD-mod8 LAKIFTAWKTYRGKAK 627 3+

12HBD-mod8 FTKAKTYRGKAK 698 2+

13HBD-mod8 GLGPKLAKIFTKWAT 544 3+

14HBD-mod8 YRGKAK 721 1+

14HBD-mod8 AKIFTKWK 1023 1+

15HBD-mod8 AKIFTKWKTARG 698 2+

15HBD-mod8 LAKIFTKWKTA 1312 1+

16, 18 and 19HBD-mod8 PKLAKIFTKWKTYAGK 627 3+

16, 18 and 19HBD-mod8 LAKIFTKWKTY 698 2+

17HBD-mod8 WKTY 596 1+

17HBD-mod8 AIFTKWKTYRAKA 793 2+

17HBD-mod8 AIF 477 1+

18HBD-mod8 TKWKTYRG 1031 1+

7.1.3 Discussion

3HBD-mod8 and 5HBD-mod8 showed no fragmentation pattern and unlike 2HBD-

mod8 these peptides did not remain intact. They did not show a conclusive peak in

which the pattern was able to be recognised, as opposed to 2HBD-mod8 which showed

the fragment as is and without any breakdown in its original peptide sequence.
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The activity of HBD-mod8 could be attributed to the "PKLAKIFTKWKTYR"

fragment motif which is not found in any other peptide fragmentation pattern. Al-

though that fragment site beside the third Glycine (Gly - G) appears in 6HBD-, 9HBD-

and 16HBD-mod8 the outcome of the fragment is not the same since the end fragmen-

tation pattern does not follow the same trend and the Alanine substitute is present

in this motif within those peptides. 7HBD-mod8 does not show the fragment "IFT"

due to the presence of Alanine (Ala - A) next to the Isolucine (Ile - I) which could

effect its binding to the neighbouring amino acids namely, Phenylalanine (Phe - F).

This is observed in 8HBD-mod8 where the Ala replaces Ile fragments that neighbours

Phe residue similar to 7HBD-mod8, this peptide does not show this motif, but unlike

7HBD-mod8 the reason for the lack of this fragment is the replacement of Ile for Ala

in 8HBD-mod8. It can be seen that with 9HBD-mod8 this fragment is restored and is

no longer cleaved at the Ala site and it mostly resembles the patterns observed with

the remaining alanine substituted peptides.

Other fragments of note, are "PKLAKIFTKWKTYAGK" and "LAKIFTK-

WKTA", observed in all the fragmentation pattern regardless of the presence of the

alanine substitute suggests the importance of this motif especially the "IFTK" motif in

the stability of the peptides. This motif is of note since it is also present in the parent

hBD1. A study focusing on the change of the amino acids from L- to D- enantiomers

of the hBD1 peptides showed that the Ile in this fraction is extremely crucial in the

activity of the peptides and it does not play a role whether it is in its L- or D- form.

This study was included the change of Arg residues so the activity of the peptide can-

not only be contributed to the Ile residue. however the peptides shown in this research

were of a different sequence, this research highlights the importance of this motif. This

study also evaluated the activity of the peptides with the substitution of the D-amino

acids which enhanced the activity of the peptides even in their reduced form [73].

The effect of of Ala residue can also be highlighted with regards to the cell
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binding ability of peptides when substituted instead of a Pro residue reducing its bind-

ing ability in the process [217], which highlights the importance of this residue in this

peptide shown through the "PKLAKIFTKWKTYAGK" motif.
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The data from the molecular dynamic simulation HBD-mod8 shows a different

trajectory when in contact with different membranes. It was observed in the literature

that the MDS is a useful tool to assess the effectiveness of the designed peptides [159],

[218]. In this instance the data shows a clear divide between the different lipid bilayers

where the peptide penetrates the membrane mimicking the bacteria but does not do

so when in contact with the zwitterionic membrane. This is also proven by the results

from both the microbiology analysis shown in figure C.1b/C.2b and the cell culture

data shown in figure 6.12, where the peptide showed high levels of activity against all

bacteria but allowed the growth of the HeLa cells.

In terms of the peptides based on hBD3 they mostly show a different structural

integrity in the experimental version than they do in the predicted version of the

analysis. HBD3-mod1 according to the predicted data shows the most alpha helix

content when compared to the rest of the peptides in its series, however this content is

not reflected in the CD data presented. Similarly, HBD3-mod3 and -mod5 also show

an alpha helix portion and when considering the CD data the percentage of the alpha

helix portion was at 0% in PBS. The rest of this family of peptides however show a

similar structural information. So comparing both predicted and experimental data,

out of 15 peptides designed and tested, only 4 peptides showed discrepancies between

the results, and only 73% of the predicted data was shown to reflect the laboratory

data collected while, 27% were predicted incorrectly.

It is important to note that for the peptides based on hBD1 the activity of the

peptides correlates between the CD data and its similarity to the predicated structure.

Meaning wherever the predicted data showed a similar structural content to that of

the CD data the peptide showed better activity against both bacteria. This however,

is not the case with peptides based on hBD3. Although this discrepancy could be

explained by structural changes that peptides undergo depending on the buffer chosen.

For example HBD3-mod1 shows exceptional activity against both S. aureus and P.
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aeruginosa which does correlate with its structural change from PBS to SDS where its

alpha helix portion increases by 4-folds and the rest of the peptides show poor helix

content when in SDS. It is interesting to note that HBD3-mod2 also shows exceptional

activity against S. aureus and at its highest concentration towards P. aeruginosa which

is different to that of HBD3-mod1. This could be explained by its structural content

in PBS instead of SDS where the percentage of helix content is higher in this peptide.

There is also the percentage of helix1 when considering the breakdown of the

CD data in more detail. This was shown to be the key for the activity of the peptide.

Where in HBD-mod6 it shows the lowest percentage at 2% this peptide shows the

worst activity even at its highest concentration against both bacteria tested. This is

also shown in the presence of 44% of this type of helical structure in HBD-mod8 which

showed the highest percentage of helix1 in all the peptides in this series. The same

principle applies to HBD3-mod1 showing the highest percentage of helix1 in the series

and equally showing the best activity against both bacteria when compared to the rest

of the peptides in its series.

A general rule can be concluded from these results which states that the higher

the structural change between the two buffers the higher the level of activity against

both bacteria observed. This was the case with both HBD-mod7, -mod8 of hBD1 series

and HBD3-mod1 and -mod2 of hBD3 series where they undergo the most structural

change in the two chosen buffers. The correlation between the Helix 1 and the activity

of the peptide against the bacteria is shown in figure 8.1
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(a) Peptides based on hBD1 (b) Peptides based on hBD3

Figure 8.1: Correlation between the log activity of the peptides based on beta defensins

and the percentage of helix 1.

It shows an upward trend where with the increase of helix 1 content of the peptide

structure, the activity of the peptide also increases. The line of best fit is also shown

to have a negative intercept in both instances. It can be seen that the percentage of

helix 1 content of peptides based on hBD3 is much lower than hBD1.

It is difficult to find previous research on the topic of CD data and its analysis

since the data have mostly been shown qualitatively, that is included in this research

in the appendix section [96]. Most research only considers those graphs and does not

provide a more detailed breakdown on the peptide structure. Therefore it is difficult to

pinpoint whether these results have been found elsewhere in literature or if they are a

novel discovery shown here. It should also be noted that the breakdown of the peptide

structures is only as good as the series of databases that they have been matched to and

the percentages are only representative of how well the peptides fit into the database

chosen. The presence of many different databases as well as algorithms that can be used

for producing these data, provides a challenge in the comparability of the data produced

using these methodologies. Therefore there is a need for a gold standard methodology

to ensure reproducibility of data and allow the comparison between peptides designed
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by different groups.

16, 17, 18, 19HBD-mod8 all showed an increase in the alpha helical content from

PBS to SDS This is consistent with their fragmentation pattern observed in chapter

7.1. All peptides showed an increase alpha helical content in LPS when compared to

PBS except for 1HBD-mod8. According to the CD results most if not all the peptides

based on hBD1 and their predicted structures were similar to that of their experimental

counterparts. For example, HBD-mod8 and -mod7 showed highly similar structures

to the experimental results in PBS, this statement is also true for HBD-mod1, -mod2,

-mod4, -mod5 and -mod6 which show similar structural percentage to the predicted

results. For HBD-mod3, however, an alpha helix structure is not reflected in the

predicted CD data.

Since 4HBD-mod8 showed activity in only Gram-negative bacteria and a very

toxic effect on the HeLa cells and it showed moderate alpha helical structure in LPS and

its extreme strcutureal change form PBS to any other buffer used, it can be concluded

that this type of strcutural change is not ideal in the overall activity of the peptide.

On the other hand 1HBD-mod8 that shows moderate structural change and moderate

activity against all bacteria alike with the lowest activity in S. aureus showed compara-

ble results to the original sequence. In fact, peptides 2HBD-, 3HBD-, 4HBD-, 5HBD-,

15HBD-, 16HBD- and 17HBD-mod8 all show strong structural change in buffers other

than PBS and this was shown to increase the cytotoxicity of the peptides.
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Figure 8.2: Heatmap of culmination of the data showing the importance of a large

structural change in the overall cytotoxicity of the peptides.

From that observation, it is clear that the more helix structure each peptide

shows the better their activity will be. To find the validity of this hypothesis in the

alanine scanned HBD-mod8 peptide as the most consistently active peptide of its series

the peptides alongside HBD-mod8 where all tested using the same methodology as

previously discussed, with the addition of new buffers LPS, LTA and DPC. From these

data and the combination of both cell viability and bactericidal activity it can be seen

that 19HBD-mod8 which was shown to have the most consistent alpha helix structure

does not show a good activity level against the bacteria, and additionally shows poor

cell viability at the two highest concentrations. Since the peptides in this experiment

were also tested against E. coli it is easier to compare the helix results with activity of

each peptide since they mostly all showed high levels of activity against this particular

bacteria. All peptides except 2HBD-, 6HBD-, 9HBD-, 12HBD-, 13HBD- and 15HBD-

mod8 all showed high levels of activity against this bacteria. It is important to note

that the last two peptides mentioned showed high levels of activity against the Gram-

positve bacteria and showed poor levels against the two Gram-negative bacteria. So

that could be attributed to change in their sequence due to the alanine substitution. It
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was shown that 2HBD-mod8 and 6HBD-mod8 have poor level of helix structure in at

least one of the two condition of LPS and LTA. 13HBD-mod8 was also showing poor

helix formation when in LTA but relatively good formation of helix in LPS which does

not explain its activity level against S. aureus since LTA was meant to represent and

mimic S. aureus. This has also been observed in 1HBD-mod8 showing the lowest level

of helix formation in both LPS and LTA but it shows relatively good activity against

all bacteria types with lower levels against S. aureus. Since none of the alanine scanned

peptides follow a logical pattern and correlation between their helix content and the

level of activity against the bacteria, it could be concluded that the activity of these

peptides is irrespective of their helix content and it depends entirely on their stability

in the presence of bacteria.

To assess whether there is a correlation between the serum stability of these pep-

tides and their antimicrobial activity, their degradation in human serum was studied.

According to [219] these fragmentation patterns can examine the activity of the pep-

tides and produce better peptides in the future. The prominence of the ’PKLAKIFTK-

WKTYR’ fragment in the peptides that show better activity than those which do not

have this fragmentation pattern could explain the inactivity of those peptides and sug-

gests the importance of this motif in the activity of the HBD-mod8. Those peptides

that share this motif however with a slight difference in the sequence due to the sub-

stitution of alanine such as 6HBD-, 9HBD- and 16HBD-mod8 did not retain the broad

activity of HBD-mod8. These peptides are among the poorest in terms of activity

against all three bacteria and they show relatively lower levels of toxicity when com-

pared to the other substituted peptides. The importance of this motif and its exact

sequence is further enhanced by the presence of alanine in the sequence of 6HBD-mod8

that falls inside this fragment’s sequence replacing a Leucine (Leu - L) for the alanine

residue. Therefore, the presence of a Leu residue is crucial for any activity rendered on

behalf of the peptide. This effect has been shown in the anti-tubercular peptides and

the importance of Leu residue in their sequences [220].
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Another important residue for the activity of the peptide is ’IFT’, which resides

inside the bigger motif mentioned above. Each peptide that does not show this motif

in its fragmentation pattern either due to substitution or removal by proximity to the

substituted alanine residue which ultimately results in a different fragmentation site,

was also shown to have poor activity against the tested bacteria and showed higher

level of cytotoxicity compared to the peptides in the series.

The poor cytotoxicity results from 2HBD-, 3HBD-, 5HBD-mod8 could be at-

tributed to the lack of fragmentation. Although 2HBD-mod8 was intact and did not

show any fragmentation, it falls under the same category as 3HBD- and 5HBD-mod8

in that it has no clear fragmentation pattern. These peptides however showed a mix

activity level against the tested bacteria. With both 3HBD- and 5 HBD-mod8 showing

higher levels of activity against E. coli than 2HBD-mod8.

From these results it could be argued that the reason for the activity of HBD-

mod8 is PKLAKIFTKWKTYR therefore, more studies into the activity of this motif

could reveal that the rest of the similar activity levels to its parent, HBD-mod8. This

conclusion does have a basis in that, most amino acids featured in this sequence, are

known for their importance in antimicrobial activity of peptides such as Arg, Thr, Leu,

Ile [47], [108], [151].
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171



Conclusions and future works

The goal of this thesis was to find an antimicrobial peptide that shows non-

inferior activity to that of the most currently used antibiotic for each bacterium used

with minimal to no cytotoxic activity at its active concentration. HBD-mod8, was the

only candidate peptide that showed this activity and fulfilled the criteria of an active

peptide having comparable activity to the antibiotics tested for each bacteria. It is

important to note, due to limited laboratory availability and shortage of biological

facility none of the original peptides based on hBD1 and hBD3 were tested against

human cells to assess their cytotoxicity. This is not important for the peptides based

on hBD1 since they all showed poor levels of activity against at least one of the tested

bacterium. However, since HBD3-mod1 and HBD3-mod2 both showed high level of

activity against both S. aureus and P. aeruginosa they fall under the category of

peptides that should have been tested against human cells to find their cytotoxicity.

These results were not produced due to the short timeframe in which access to cell

culture labs were gained and these peptides would have had to been synthesised and

cleaned again for the purpose of performing these analysis. Therefore to assess their

biological feasibility these peptides should be tested in the future to find whether they

produce a toxic effect on human cells.

Additionally, these peptides were also not tested any further since HBD-mod8

was found to show high level of activity therefore this peptide and its alanine scanned

analogs were the only peptides tested in serum degradation studies. Going forward it

would be beneficial to perform the degradation studies on all peptides even the ones

that did not show any activity towards the bacteria. Although this was shown in the

alanine scanned results for HBD-mod8, it is not representative of a wider array of

sequences which may have resulted in major difference in fragmentation patterns.

It is also important to note the addition of E. coli in the experiments on the

substituted peptides since most of the peptides in the substitution series showed high

level of activity agaisn this bacteria but did not necessarily follow the same trend
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with P. aeruginosa. This bacterium was not available at the earliest stage of the

antimicrobial experiments therefore the presence of both Gram-positve and Gram-

neagtive bacteria was sufficient in that stage. However, once this bacterium was made

available its addition added a level of complexity to the results since most of the

peptides showed high levels of activity against this bacteria. This could be explained

by the activity of HBD-mod8 against E. coli which may be retained through alanine

scans of this peptide. To find the activity levels of the rest of the designed peptides

they should all be tested against the same bacteria to produce cohesive results that

can be compared more adequately.

The structural analysis, early experiments were performed using CD in temper-

ature and the preliminary data for a different peptide that was not designed by myself

showed large differences between the structural data at 37◦C and at room tempera-

ture. Therefore it would be beneficial to perform the same analysis on the designed

peptides and find the differences the application of heat will make to the structure of

the peptide.

Although Molecular dynamic simulations were performed on HBD-mod8 it should

also be noted that there was no laboratory experiments performed to provide infor-

mation regarding the mode of action for this peptide or to prove the results from the

simulation. More experiments such as membrane mimicking vesicles as well as confocal

microscopy should be performed to better understand the reason behind the perfor-

mance of each peptide against each bacteria. The MD simulations were performed to

ensure the effectiveness of HBD-mod8 prior to the collection of laboratory data on any

biological analysis. However this research could benefit from additional production

of MD simulations on different peptides and not only those that show antimicrobial

activity to be used as negative control. This was not achievable in the timescale of this

project due to lack of computer power which was the limiting factor in the performance

of these simulations for longer timeframes as well as on the peptides that did not show
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similar activity to that of HBD-mod8.

In conclusion, HBD-mod8 showed high levels of activity and low cytotoxicity

and its comparison to its alanine substitutes showed that this peptide in its original

sequence was the most effective in terms of activity and cytotoxicity levels.
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Characterisation

Figure A.1: Amino acids key.

(Web: https://www.compoundchem.com/2014/09/16/aminoacids).

Figures A.2 and A.3 show the blank runs for each LC-MS run made in these

experiments. These chromatograms were included for reference purposes and they show

the state of the column before the peptide were analysed on them. It also explains the

presence of a peak at 45 minutes in all chromatograms which shows this peak was only

produced as a result of a dirty column.

Figures 4.1 and 4.2 shows the purity of the peptides based on hBD1 and hBD3

before and after purification. The calculations for the purified peptides used in the

experiments in this thesis were done through the use of the numbers generated from

performing the LC-MS runs.

Once the peptides were purified these were used for any biological analysis or
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Characterisation

Figure A.2: The blank run for the peptides based on hBD1 and hBD3 on LC-MS.

Figure A.3: The blank run for the alanine scan of the peptides based on HBD-mod8

on LC-MS.

Figure A.4: Serum control

serum and CD analysis. These peptides were then subjected to LC-MS analysis after

serum stability studies and the results were confirmed through MALDI-TOF. The

results can be found in figure A.6 for MALDI-TOF and with the LC-MS data split

between the chromatogams and spectrums shown in figure A.5 and 7.1 respectively
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Characterisation

included in section 7.1 due to analysis of fragments done on these spectrum at specific

times. The presented mass spectrum in 7.1 is only shown for peaks in the chromatogram

that were not present in both peptide before and after serum stability experiments and

the time stamp above each spectrum is indicative of the chromatograph peak shown

in figure 4.3.
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Characterisation

(a) HBD-mod8

(b) 1HBD-mod8

(c) 2HBD-mod8
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Characterisation

(d) 3HBD-mod8

(e) 4HBD-mod8

(f) 5HBD-mod8
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Characterisation

(g) 6HBD-mod8

(h) 7HBD-mod8

(i) 8HBD-mod8
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Characterisation

(j) 9HBD-mod8

(k) 10HBD-mod8

(l) 11HBD-mod8
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Characterisation

(m) 12HBD-mod8

(n) 13HBD-mod8

(o) 14HBD-mod8
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Characterisation

(p) 15HBD-mod8

(q) 16HBD-mod8

(r) 17HBD-mod8
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Characterisation

(s) 18HBD-mod8

(t) 19HBD-mod8

Figure A.5: LC-MS chromatograms of HBD-mod8 and its alanine substituted peptides

showing differences between the peptide in serum and peptide in water. it can be seen

that some peptides in these series do not show a difference in peak compared to the

control but it is clear that for most of these chromatograms the peptide in question is

degraded and the spectrum data shown in section7.1 is indicative of these discrepancies.
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Characterisation

(a) Mass spectrum of the highest chromatographic peak of HBD-

mod8 in Serum

(b) Mass spectrum of the highest chromatographic peak of 1HBD-

mod8 in Serum
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Characterisation

(c) Mass spectrum of the chromatographic peak of 2HBD-mod8 in

Serum

(d) Mass spectrum of the chromatographic peak of 3HBD-mod8 in

Serum
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Characterisation

(e) Mass spectrum of the chromatographic peak of 4HBD-mod8 in

Serum

(f) Mass spectrum of the chromatographic peak of 5HBD-mod8 in

Serum
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Characterisation

(g) Mass spectrum of the chromatographic peak of 6HBD-mod8 in

Serum

(h) Mass spectrum of the chromatographic peak of 7HBD-mod8 in

Serum
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Characterisation

(i) Mass spectrum of the chromatographic peak of 8HBD-mod8 in

Serum

(j) Mass spectrum of the chromatographic peak of 9HBD-mod8 in

Serum
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Characterisation

(k) Mass spectrum of the chromatographic peak of 10HBD-mod8

in Serum

(l) Mass spectrum of the chromatographic peak of 11HBD-mod8 in

Serum
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Characterisation

(m) Mass spectrum of the chromatographic peak of 12HBD-mod8

in Serum

(n) Mass spectrum of the chromatographic peak of 13HBD-mod8

in Serum
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Characterisation

(o) Mass spectrum of the chromatographic peak of 14HBD-mod8

in Serum

(p) Mass spectrum of the chromatographic peak of 15HBD-mod8

in Serum
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Characterisation

(q) Mass spectrum of the chromatographic peak of 16HBD-mod8

in Serum

(r) Mass spectrum of the chromatographic peak of 17HBD-mod8 in

Serum
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Characterisation

(s) Mass spectrum of the chromatographic peak of 18HBD-mod8 in

Serum

(t) Mass spectrum of the chromatographic peak of 19HBD-mod8 in

Serum
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Characterisation

Figure A.6: MALDI-TOF data for the fragmentation of HBD-mod8 and its correspond-

ing alanine substitutions.
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Appendix Two

Structure
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Structure

Figure B.1: Showing the varying absorbance patterns in CD qualitatively. This has

been used by Dicroweb to produce the percentage results that is presented in section 5
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Structure

(a) HBD-mod1 in PBS (b) HBD-mod1 in SDS

(c) HBD-mod2 in PBS (d) HBD-mod2 in SDS

(e) HBD-mod3 in PBS (f) HBD-mod3 in SDS

(g) HBD-mod4 in PBS (h) HBD-mod4 in SDS
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Structure

(i) HBD-mod5 in PBS (j) HBD-mod5 in SDS

(k) HBD-mod6 in PBS (l) HBD-mod6 in SDS

(m) HBD-mod7 in PBS (n) HBD-mod7 in SDS

(o) HBD-mod8 in PBS (p) HBD-mod8 in SDS
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Structure

Figure B.2: Showing the secondary structure of peptides based on hBD1 produced

from CD in PBS and SDS representing an anionic environments to show the helical

conformational change. All graphs were produced from the instrument software by

reading the absorbance of the peptide and they are shown in the y-axis and wavelength

shown in x-axis.
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Structure

(a) HBD3-mod1 in PBS (b) HBD3-mod1 in SDS

(c) HBD3-mod2 in PBS (d) HBD3-mod2 in SDS

(e) HBD3-mod3 in PBS (f) HBD3-mod3 in SDS

(g) HBD3-mod4 in PBS (h) HBD3-mod4 in SDS
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Structure

(i) HBD3-mod5 in PBS (j) HBD3-mod5 in SDS

(k) HBD3-mod6 in PBS (l) HBD3-mod6 in SDS

(m) HBD3-mod7 in PBS (n) HBD3-mod7 in SDS

Figure B.3: Showing the secondary structure of peptides based on hBD3 produced

from CD in PBS and SDS representing an anionic environments to show the helical

conformational change. All graphs were produced from the instrument software by

reading the absorbance of the peptide and they are shown in the y-axis and wavelength

shown in x-axis.
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Structure

(a) HBD-mod8 in PBS (b) HBD-mod8 in SDS

(c) HBD-mod8 in DPC

(d) HBD-mod8 in LPS (e) HBD-mod8 in LTA

232



Structure

(f) 1HBD-mod8 in PBS (g) 1HBD-mod8 in SDS

(h) 1HBD-mod8 in DPC

(i) 1HBD-mod8 in LPS (j) 1HBD-mod8 in LTA
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Structure

(k) 2HBD-mod8 in PBS (l) 2HBD-mod8 in SDS

(m) 2HBD-mod8 in DPC

(n) 2HBD-mod8 in LPS (o) 2HBD-mod8 in LTA

234



Structure

(p) 3HBD-mod8 in PBS (q) 3HBD-mod8 in SDS

(r) 3HBD-mod8 in DPC

(s) 3HBD-mod8 in LPS (t) 3HBD-mod8 in LTA
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Structure

(u) 4HBD-mod8 in PBS (v) 4HBD-mod8 in SDS

(w) 4HBD-mod8 in DPC

(x) 4HBD-mod8 in LPS (y) 4HBD-mod8 in LTA

Figure B.4: Showing the secondary structure of peptides based on alanine scan of HBD-

mod8 (HBD-mod8-4HBD-mod8) produced from CD in PBS, SDS, LPS, LTA and DPC

representing an anionic environments and mimicking bacterial membrane for Gram-

negative and -positive bacteria respectively to show the helical conformational change.

All graphs were produced from the instrument software by reading the absorbance of

the peptide and they are shown in the y-axis and wavelength shown in x-axis.
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Structure

(a) 5HBD-mod8 in PBS (b) 5HBD-mod8 in SDS

(c) 5HBD-mod8 in DPC

(d) 5HBD-mod8 in LPS (e) 5HBD-mod8 in LTA
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Structure

(f) 6HBD-mod8 in PBS (g) 6HBD-mod8 in SDS

(h) 6HBD-mod8 in DPC

(i) 6HBD-mod8 in LPS (j) 6HBD-mod8 in LTA

238



Structure

(k) 7HBD-mod8 in PBS (l) 7HBD-mod8 in SDS

(m) 7HBD-mod8 in DPC

(n) 7HBD-mod8 in LPS (o) 7HBD-mod8 in LTA
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Structure

(p) 8HBD-mod8 in PBS (q) 8HBD-mod8 in SDS

(r) 8HBD-mod8 in DPC

(s) 8HBD-mod8 in LPS (t) 8HBD-mod8 in LTA

240



Structure

(u) 9HBD-mod8 in PBS (v) 9HBD-mod8 in SDS

(w) 9HBD-mod8 in DPC

(x) 9HBD-mod8 in LPS (y) 9HBD-mod8 in LTA

Figure B.5: Showing the secondary structure of peptides based on alanine scan of HBD-

mod8 (5HBD-mod8-9HBD-mod8) produced from CD in PBS, SDS, LPS, LTA and DPC

representing an anionic environments and mimicking bacterial membrane for Gram-

negative and -positive bacteria respectively to show the helical conformational change.

All graphs were produced from the instrument software by reading the absorbance of

the peptide and they are shown in the y-axis and wavelength shown in x-axis.
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Structure

(a) 10HBD-mod8 in PBS (b) 10HBD-mod8 in SDS

(c) 10HBD-mod8 in DPC

(d) 10HBD-mod8 in LPS (e) 10HBD-mod8 in LTA
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Structure

(f) 11HBD-mod8 in PBS (g) 11HBD-mod8 in SDS

(h) 11HBD-mod8 in DPC

(i) 11HBD-mod8 in LPS (j) 11HBD-mod8 in LTA
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Structure

(k) 12HBD-mod8 in PBS (l) 12HBD-mod8 in SDS

(m) 12HBD-mod8 in DPC

(n) 12HBD-mod8 in LPS (o) 12HBD-mod8 in LTA
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Structure

(p) 13HBD-mod8 in PBS (q) 13HBD-mod8 in SDS

(r) 13HBD-mod8 in DPC

(s) 13HBD-mod8 in LPS (t) 13HBD-mod8 in LTA
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Structure

(u) 14HBD-mod8 in PBS (v) 14HBD-mod8 in SDS

(w) 14HBD-mod8 in DPC

(x) 14HBD-mod8 in LPS (y) 14BD-mod8 in LTA

Figure B.6: Showing the secondary structure of peptides based on alanine scan of

HBD-mod8 (10HBD-mod8-14HBD-mod8) produced from CD in PBS, SDS, LPS, LTA

and DPC representing an anionic environments and mimicking bacterial membrane for

Gram-negative and -positive bacteria respectively to show the helical conformational

change. All graphs were produced from the instrument software by reading the ab-

sorbance of the peptide and they are shown in the y-axis and wavelength shown in

x-axis.
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Structure

(a) 15HBD-mod8 in PBS (b) 15HBD-mod8 in SDS

(c) 15HBD-mod8 in DPC

(d) 15HBD-mod8 in LPS (e) 15BD-mod8 in LTA
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Structure

(f) 16HBD-mod8 in PBS (g) 16HBD-mod8 in SDS

(h) 16HBD-mod8 in DPC

(i) 16HBD-mod8 in LPS (j) 16BD-mod8 in LTA
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Structure

(k) 17HBD-mod8 in PBS (l) 17HBD-mod8 in SDS

(m) 17HBD-mod8 in DPC

(n) 17HBD-mod8 in LPS (o) 17BD-mod8 in LTA
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Structure

(p) 18HBD-mod8 in PBS (q) 18HBD-mod8 in SDS

(r) 18HBD-mod8 in DPC

(s) 18HBD-mod8 in LPS (t) 18BD-mod8 in LTA
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Structure

(u) 19HBD-mod8 in PBS (v) 19HBD-mod8 in SDS

(w) 19HBD-mod8 in DPC

(x) 19HBD-mod8 in LPS (y) 19BD-mod8 in LTA

Figure B.7: Showing the secondary structure of peptides based on alanine scan of

HBD-mod8 (15HBD-mod8-19HBD-mod8) produced from CD in PBS, SDS, LPS, LTA

and DPC representing an anionic environments and mimicking bacterial membrane for

Gram-negative and -positive bacteria respectively to show the helical conformational

change. All graphs were produced from the instrument software by reading the ab-

sorbance of the peptide and they are shown in the y-axis and wavelength shown in

x-axis.
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Biological Characterisation
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Biological Characterisation
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Figure C.1: The effect of peptides as well as their differing concentrations on S. aureus

survival with its corresponding antibiotics (Vancomycin) as control. (a)-(f) shows the

2-fold dilutions of peptides based on hBD1. The overall mean %bacterial death values

for each peptide was used to calculate the p-values are 32, 14, 4, 15, 11, -5, -22,

18 and 24 for antibiotic and HBD-mod1 to HBD-mod8, respectively. The p-value

between HBD-mod1, HBD-mod2, HBD-mod3, HBD-mod4, HBD-mod5, HBD-mod6,

HBD-mod7, HBD-mod8 and the control is 0.008, 0.000, 0.017, 0.000, 0.000, 0.000,

0.13* and 0.97* respectively. Figure (b): HBD-mod8 at concentration 250µM has

better activity than the antibiotic with higher mean %bacterial death and p-value of

9.9× 10−5**.

* shows favourable non significant difference / ** shows favourable significant difference
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Figure C.2: The effect of peptides as well as their differing concentrations on P. aerugi-

nosa survival with its corresponding antibiotics (Polymixin B) as control. (a)-(f) show

the 2-fold dilutions of peptides based on hBD1.
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Figure C.2: The mean values for each peptide used to calculate are 33, -5, -3, 5, 3, 0,

-3, -2 and 31 for Antibiotic and HBD-mod1 until HBD-mod8, respectively. The p-value

between HBD-mod1, HBD-mod2, HBD-mod3, HBD-mod4, HBD-mod5, HBD-mod6,

HBD-mod7 and the control is the same value of 1.0×10−13 and between HBD-mod8 and

the control is the value 1.0*. Figure (a) shows that HBD-mo8 with p-value 7.5× 10−5

** shows a better activity than antibiotic and figure (b) shows HBD-mod8 has a similar

activity to the antibiotic with p-value of 1.0*.

* shows favourable non significant difference / ** shows favourable significant difference
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Figure C.3: The effect of peptides as well as their differing concentrations on S. aureus

survival with its corresponding antibiotics (Vancomycin) as control. (a)-(f) show the

2-fold dilutions of peptides based on hBD3. The overall mean %bacterial death values

for each peptide used to calculate the p-values are 59, 70, 24, 25, 26, 21, 3 and 16

for Antibiotic and HBD3-mod1 until HBD3-mod7, respectively. The p-value between

HBD3-mod1 and the control was 0.06*, between HBD3-mod2, HBD3-mod3, HBD3-

mod4, HBD3-mod5, HBD3-mod6, HBD3-mod7 and the control was, 1.2×10−13. Figure

(e) shows HBD3-mod1 no significant difference with p-value of 0.9* at 31µM

* shows favourable no significant difference.
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Figure C.4: The effect of peptides as well as their concentrations on P. aeruginosa

survival with its corresponding antibiotics (Polymixin B) as control. (a)-(f) shows

the 2-fold dilutions of peptides based on hBD3. The mean values for each peptide

used to calculate the p-value are 76, 63, 38, -29, -27, 21, -6, 12 for Antibiotic and

HBD3-mod1 until HBD3-mod7, respectively. The p-value between HBD3-mod1 and

the control is 0.02 and 1.2 × 10−13 between HBD3-mod2, HBD3-mod3, HBD3-mod4,

HBD3-mod5, HBD3-mod6, HBD3-mod7 and the control. All values show a significant

difference between their activity against P. aeruginosa and the peptides meaning none

of the peptides show an overall activity similar to the antibiotic tested. Although the

antibiotic is included in every graph it was only tested at its critical MIC found in the

literature and was not tested at different concentration.
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Figure C.5: The effect of alanine substitution on the activity of HBD-mod8 against S.

aureus at all concentrations.

In this figure the effect of all different concentrations was shown on each substituted

peptide and its projected activity on the bacteria. It can be seen that at lower con-

centrations most of the peptides in the series do not hold their activity. This is not

the case with 13HBD-, 14HBD- and 15HBD-mod8 show higher level of activity in the

lower concentrations when compared to the rest of the peptide in this series.
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Figure C.6: The effect of alanine substitution on the activity of HBD-mod8 against P.

aeruginosa at all concentrations.

In this figure the effect of all different concentrations was shown on each substituted

peptide and its projected activity on the bacteria. According to this figure HBD-mod8

shows the best activity across the board and it stays active until the concentration

of 63µM . 10HBD-mod8 shows large standard deviation bars meaning each time this

analysis was performed this peptide showed varying results.
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Figure C.7: The effect of alanine substitution on the activity of HBD-mod8 against E.

coli at all concentrations.

In this figure the effect of all different concentrations was shown on each substituted

peptide and its projected activity on the bacteria. The activity of the peptide across

the whole series of substitutions is shown to have minimal effect on the activity against

E. coli where they are mostly equally as active as HBD-mod8. With the expiation of

6HBD-mod that only shows a comparable activity at the highest concentration.
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Figure C.8: The resistance pattern of S. aureus towards HBD-mod8 at all concentra-

tions.

In this figure the pattern of bacterial resistance was shown for all peptide concentra-

tions. It is evident that this bacteria build resistance towards the peptide immediately

after the first cycle however the peptide is still able to remove the bacteria to a certain

extent. Until cycle 15 in which the peptide stops being active against the bacteria

showing 0% bacterial death at all the concentrations. It was also observed that this

peptide works best at its highest concentration.
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Figure C.9: The resistance pattern of P. aeruginosa towards HBD-mod8 at all concen-

trations.

In this figure the pattern of bacterial resistance was shown for all peptide concentra-

tions. The resistance build up is more uniform with this bacteria showing a more

cohesive pattern with a downward trend as the number of cycles increase across all

concentrations.
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Figure C.10: The resistance pattern of E. coli towards HBD-mod8 at all concentra-

tions.

In this figure the pattern of bacterial resistance was shown for all peptide concentra-

tions. Even with the activity of this peptide against E. coli being notable the resistance

cycles were not so clear in the trends they display. With the highest concentrations

showing very little change in activity level as the resistance build up. The lower con-

centrations for this peptide show very poor activity against the resistance.
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Figure C.11: Bar Chart displaying untouched cell viability data.
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