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Summary

Without the discovery or development of novel drugs, the phenomena of antimicrobial
resistance (AMR) will continue to threaten the effective treatment of pathogenic microbes
and diseases across the globe. Combinational therapies of antimicrobial peptides (AMPSs)
with metal nanoparticles (MNPs) have shown promise for the creation of potent nano-
drugs with broad spectrum antimicrobial activity, alternative applications, and lowered risk
of resistance development. In this study the combinational formulation of biologically
relevant metals (magnesium, calcium, iron, copper, silver, gold, and zinc) with a group of
natural antimicrobial cyclodecapeptides (CDPs) was investigated for the fabrication of
potent AMP-MNP nanodrugs. The CDPs selected for this study include an aromatic
residue rich peptide complex (tyrocidine mixture, Trc mix) and tryptophan rich purified
analogues (tyrocidine C, TrcC and tryptocidine C, TpcC). Mass spectrophotometric studies
revealed that these peptides form peptide-metal complexes with certain metals, and that
the absence or presence of such complexes in formulations altered the peptides
oligomerisation behaviour. Although formulations with group 11 metals lacked peptide-
metal complexes, changes in peptide oligomerisation and analogue-specific prevalence
was observed. Since the aromatic rich structure of these CDPs holds potential for
synthesis of MNPs, it was hypothesised that the absence of peptide-metal complexes in
group 11 formulations is likely due to the reduction of metal ions and formation of MNPs.
This hypothesis was confirmed by spectrophotometric and spectrofluorometric studies
which reported the formation of silver nanoparticles (AgNPs) in Trc mix, TpcC and TrcC
formulations with silver. These studies also indicated alterations in peptide conformation
when in formulation and highlighted the critical role of tryptophan for successful CDP-
AgNP fabrication. Scanning transmission microscopy revealed that the peptide-
synthesised spherical AgNPs were encapsulated by CDP nanostructures, a promising
conjugate structure for drug delivery. Solid surface antimicrobial assays and reported
additive and synergistic antimicrobial actions between CDPs and MNPs against model
organisms, Gram positive Staphylococcus aureus and Gram-negative Escherichia coli,
respectively. The innate self-assembly of these aromatic amino acid rich CDPs therefore
holds potential to streamline the synthesis of potent yet versatile CDP-MNP
nanoformulations for topical or antimicrobial surface treatments against Gram-positive and
Gram-negative bacteria. Moreover, unprecedented antibacterial activity was also reported
for TpcC, which could have applications in future therapies.
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Opsomming

Sonder die ontdekking of ontwikkeling van nuwe geneesmiddels, sal die verskynsel van
antimikrobiese weerstand (AMW) die effektiewe behandeling van patogene en infeksies
wéreldwyd bedreig. Kombinasie-terapie met antimikrobiese peptiede (AMPS) en
metaalnanopartikels (MNPs) toon belofte vir die skepping van kragtige nano-
geneesmiddels met breéspektrum antimikrobiese aktiwiteit en alternatiewe toepassings
met ‘n verlaagde risiko van weerstandsontwikkeling. In hierdie studie, was die kombinasie-
formulering van biologies relevante metale (magnesium, kalsium, yster, koper, silwer,
goud en sink) met 'n groep natuurlike antimikrobiese siklodekapeptiede (SDP'e) ondersoek
vir die vervaardiging van kragtige AMP-MNP-nanogeneesmiddels. Die SDP'e wat vir
hierdie studie gekies is, sluit 'n aromatiese residu-ryk peptied kompleks (tirosidien mensel,
Trc mix) en triptofaan-ryk gesuiwerde analoé (tirosidien C, TrcC en triptosidien C, TpcC)
in. Massaspektrofotometriese studies het onthul dat hierdie peptiede peptied-
metaalkomplekse met sekere metale vorm, en dat die afwesigheid of teenwoordigheid van
sulke komplekse in formulerings die peptiede-oligomeriseringsgedrag verander. Alhoewel
peptied-metaalkomplekse in formulerings met groep 11-metale komplekse afwesig was,
was veranderinge in peptied-oligomerisasie en analoog-spesifieke  voorkoms
waargeneem. Aangesien die aromaties-ryk struktuur van hierdie SDP's potensiaal skep vir
sintese van MNP's, is ‘n voorgestelde hipotese dat die afwesigheid van peptied-metaal
komplekse in groep 11 formulerings waarskynlik te wyte is aan die vermindering van
metaalione en vorming van MNPs. Hierdie hipotese was bevestig deur spektrofotometriese
en spektrofluorometriese studies wat die vorming van silwer nanopartikels (AgNPs) in Trc
mix, TpcC en TrcC formulerings met silwer gerapporteer het. Hierdie studies het ook
peptiedkonformasie veranderinge in formulering getoon, sowel as die kritieke rol van
triptofaan in suksesvolle SDP-AgNP vervaardiging. Skandeertransmissie-mikroskopie het
gewys dat die peptied-gesintetiseerde AgNP's deur SDP-nanostrukture ingekapsuleer
was, 'n belowende gekonjugeerde struktuur vir geneesmiddelaflewering. Soliede-
oppervlak antimikrobiese toetse het additiewe en sinergistiese antimikrobiese aksies
tussen SDP's en MNP's teen model organismes, Gram-positiewe Staphylococcus aureus
en Gram-negatiewe Escherichia coli, onderskeidelik gerapporteer. Die inhirente
selfassosieéring van hierdie aromatiese aminosuurryke SDP's hou dus die potensiaal om
die sintese van kragtige dog veelsydige SDP-MNP nanoformulerings te stroomlyn vir
aktuele of antimikrobiese oppervlakbehandelings teen Gram-positiewe en Gram-
negatiewe bakterieé. Boonop is ongekende antibakteriese aktiwiteit ook aangemeld vir
TpcC wat dus toepassings in toekomstige terapieé kan hé.
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Preface

Advances in combination drug therapies and nanotechnology has created a new field for
the design and development of novel antimicrobial treatments to address the rise in drug
resistant microbes. Combination of antimicrobial peptides (AMPs) and metal nanoparticles
(MNPs) have shown applications as potent antimicrobial treatments in biomedical,
agricultural, and industrial applications. The peptide-assisted synthesis of MNPs is a
greener alternative to more conventional MNP synthesis techniques and has been shown
to fabricate versatie AMP-MNP conjugate structures with multifaceted antimicrobial
actions and applications. Interactions between metal ions and the aromatic residues of
peptides allow the reduction and subsequent nucleation of metal ions to form MNPs. The
tyrocidines and analogues are a group of antimicrobial cyclodipeptides (CDPs) naturally
produced by the soil bacterium Brevibacillus parabrevis (Br. parabrevis) rich in aromatic
residues. These peptides display a broad spectrum of antibacterial, antifungal and even
antimalarial activity. Formulations of these CDPs with a variety of commercial materials
has already shown great potential for the incorporation of these CDPs in surface
treatments to prevent the colonisation and spread microbial pathogens or biofilms. For this
study, the potential of an aromatic residue rich tyrocidine peptide mixture (Trc mix) and
purified tryptophan rich analogues (TpcC and TrcC) for the fabrication of antimicrobial
CDP-MNP conjugates was investigated for future applications in surface treatments. To

achieve this the following aims and objective needed to be met:

Aim 1: Production and purification of tryptophan-rich antimicrobial cyclodecapeptides and
analogues

To achieve this aim the following objectives were met and summarised in Chapter 2 of this
study:

¢ Manipulation of peptide production profile of producer organism Brevibacillus
parabrevis (ACCT 8185 and ACCT 10068) via amino acid supplementation of
producer cultures to promote production of tryptophan-rich tyrocidines and analogues.

e Confirming production profile shifts by analysing peptide composition of crude
production extracts via electrospray mass spectrometry and ultra-performance liquid
chromatography.

¢ Organic solvent extraction of tyrocidines and tyrocidine analogues from the tyrothricin
complex and commercial tyrocidine peptide mixture.

Xii
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e Purification of single tyrocidines and analogues via RP-HPLC to obtain pure
tryptophan-rich C analogues.

e Confirming peptide identity and purity of purified analogues via electrospray mass
spectrometry and ultra-performance liquid chromatography

Aim 2: Mass spectrometry studies on the interaction of the tyrocidines and analogues with
metal salts

To achieve this aim the following objectives were met and summarised in Chapter 3 of this
study:

e Titration and formulation of purified tyrocidine mixture (Trc mix) with magnesium,
calcium, iron, copper, silver, gold and zinc metal salts.

e IM-MS analysis of formulations to characterise and track peptide-metal interactions
and changes in peptide oligomerisation behaviour

Aim 3: Biophysical and bioactive characterisation of tryptophan-rich cyclodecapeptide
nanoformulations

To achieve this aim the following objectives were met and summarised in Chapter 4 of this
study:

e Confirm photo-induced peptide-assisted nanoparticle formation via colloid colour
changes.

e Optimisation of peptide:metal formulations for nanoparticle fabrication by assessing
different solvent conditions, precursor concentrations and peptide:metal ratios.

e Characterise peptide:metal nanoformulations and peptide-metal interactions via UV-
Visible light and fluorescence spectrophotometry.

e Characterise peptide:metal nanoformulations via STEM analysis to determine
formulation and nanoparticle shape and structure.

e Asses antimicrobial activity of select peptide:metal nanoformulations against target
organisms S. aureus and E. coli.

Chapter 1 serves as an introduction and background to the study while Chapter 5 includes
the concluding remarks, final discussion, and future studies. Each experimental chapter (2-
4) was written as independent units in article format. Although this may have led to some
repetition, it was attempted to keep repetition to a minimum.

Xiii
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Chapter 1
Literature Review

1.1 Introduction

The demand for novel antimicrobial agents has increased in recent years with the rise in
drug-resistant pathogens [1,2]. Although there has been a great need for the discovery of
novel antimicrobial drugs, the discovery of new agents has stagnated in recent years with
no new classes of antibiotics discovered since the late 1980’s (Fig. 1.1) [3,4]. Moreover, with
the rise in drug resistance pathogens, the promise of discovering novel classes of
antimicrobial drugs, unlikely to have resistance developed against it in future, grows slim
[1,3.,4].
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Figure 1.1 Timeline of antibiotic discovery and the stagnation of novel classes. Figure
adapted from timeline shown in Lewis et al. [4].
However, addressing antimicrobial resistance (AMR) remains to be a complex task. Modern
medicine and agriculture rely on the availability of effective antimicrobial drugs [3,5]. Since
the use of antimicrobial agents has become seemingly synonymous with modern biomedical
and agricultural practises, simply eradicating antimicrobial use to prevent AMR is an unlikely
option [1,3]. In 2001, the World Health Organisation (WHO) released the “Global Strategy
for Containment of Antimicrobial Resistance” which provided a framework to manage and
prevent the rise and spread of resistant microbes [6]. This framework was revised in 2015
with a “Global Action Plan” which outlined a 'One Health' strategy for optimal antimicrobial
use, surveillance, and research [2]. These global strategies highlight two major steps
towards fighting the rise in AMR, first the management antimicrobial stock and second the
making of new antimicrobial stock. The making of new drug stocks attempts to address the
stagnation of novel antimicrobial drug discovery and development [2,6,7]. However, these
novel drugs need to be either active against currently resistant pathogens and/or unlikely to
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have AMR developed against them in future [3,8]. Since the discovery of novel classes of
drugs with no risk of resistance development is unlikely, researchers have opted to relook
and refocus drug developments towards improving the antimicrobial actions of and
preventing resistance development against currently available antimicrobials [3,7]. Although
some of these drugs may already have resistance reported against them, scientific
advances such as the development of nanotechnologies are promising for the development
of a new-era of nano-drugs and drug delivery systems [3,9]. This, in turn, has created new

opportunities for revitalising and/or improving the drug therapies of older drugs.

1.2 The dilemma of antimicrobial resistance

1.2.1 Antimicrobial resistant pathogens and mechanisms of resistance

The development of AMR is a natural phenomenon rooted in Darwin’s theory of evolution
“the survival of the fittest”. In the natural environment, microbes instinctively evolve
advantageous characteristics through evolutionary mechanisms to withstand harsh
environmental conditions or settle into a particular environmental niche. It is these same
mechanisms which enable microbes to develop AMR [1,10]. Microbes simply evolve
mechanisms of resistance, through genetic changes over time, against the antimicrobial
agents they are exposed to. These changes consequently decrease the efficacy of the drugs
used to treat infections caused by these microorganisms [11]. Unfortunately, the
mismanagement of antimicrobial drugs has accelerated the rate of resistance development
in recent years by exposing microbes to antimicrobials frequently and often unnecessarily
[1,2,5].

By reducing their sensitivity to approved drug treatments, drug-resistant microbes such as
the ESKAPE pathogens threaten our ability to treat infectious diseases effectively. The term
“‘ESKAPE” is an acronym used to describe a priority group of drug-resistant pathogens which
include: Enterococcus faecium (E. faecium), Staphylococcus aureus (S. aureus), Klebsiella
pneumoniae (K. pneumoniae), Acinetobacter baumannii (A. baumannii), Pseudomonas
aeruginosa (P. aeruginosa), and Enterobacter spp [11]. These microbes have evolved
several mechanisms by which they can "escape" the biocidal effects of many known
antibacterial agents leading to persistent, chronic, or even lethal infections [10-12]. The
WHO has listed these ESKAPE pathogens as priority pathogens for which novel antibiotics
need to be developed [13]. The ESKAPE pathogens, like many other drug-resistant

microbes, exhibit multiple mechanisms of resistance [10-12]. However, like any pathogen,
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the tendency of these microbes to form biofilms makes them especially challenging to treat
[14]. A biofilm is defined as a structured polymicrobial population which adheres to either
abiotic and biotic surfaces through specific (i.e., ligand—-receptor interactions) or non-specific
(i.e. ionic or electrostatic) interactions [10]. Biofiims can grow rapidly and produce
characteristic extracellular matrices consisting of polysaccharides, lipids, proteins, and
extracellular DNA. The polymicrobial nature and matrix composition makes the effective
clearance of established biofilms more challenging than the eradication of planktonic
pathogens [14-16]. Biofilms therefore act as a physical barrier preventing effective
antimicrobial action whilst protecting resistant drug-tolerant persister cells [16]. Biofilms also
allow for genetic transfer between resistant and non-resistant pathogens therefore
increasing the risk of resistance development [16,17]. Although microbial biofilms are
naturally found in the soil and can be beneficial for plant growth [18,19], the proliferation of
pathogenic biofilms leads to the microbial contamination of water systems [20], hospital
surfaces [21] medical devices [22,23], public transport surfaces [24], food packing [25] and

processing environments [26,27] resulting in disease spread.

1.2.2 The global and national impact of AMR

The impact of AMR is difficult to quantify as many factors need to be considered. Statistical
models in a study by Murray et al. [5] estimated that in 2019 approximately 4.95 million
deaths were associated with, and 1.27 million deaths were directly caused by bacterial AMR,
with Sub-Saharan Africa showing the highest death rate of 27.3 deaths per 100 000 cases.
More than 1.5 million of the deaths associated with AMR were due to lower respiratory
infections. The leading pathogens associated with the recorded AMR deaths include the six
ESKAPE pathogens. These pathogens alone were responsible for 929 000 deaths
attributable to AMR and 3.57 million associated to AMR with Methicillin-resistant
Staphylococcus aureus (MRSA) causing >100000 deaths and drug resistant
Escherichia coli causing 50 000—100 000 deaths [5].

One of the largest threats in the medical industry is the aggressive nature of opportunistic
infections and formation of biofilms in immuno-compromised individuals. According to the
WHO, South Africa is one of the 30 high burden countries for both multi-drug resistant
tuberculosis (MDR-TB) and HIV [28]. This high number of immuno-compromised individuals
along with inadequate infrastructure and care may feed the development of resistant
pathogens. Hospitalised patients often rely on the use of indwelling urinary catheters [22]
and central vascular access devices (CVADs) [29] during treatment. However, catheter-
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associated urinary tract infections (CAUTIS) and CVADs related bloodstream infections
(BSI) are commonly associated with increased hospital-related infections and morbidities
[29]. A study performed at the Red Cross War Memorial Children’s Hospital in Cape Town
(South Africa) found a high prevalence of bloodstream infections (BSI) in children
undergoing chemotherapy. A total of 150 BSI episodes were recorded amongst 89 patients.
Gram-positive bacteria, mainly Streptococcus and Staphylococcus species, was
responsible for BSIs in 49 (44%) patients whereas a Gram-negative bacterium, E. coli,
contributed to BSIs in 41 (37%) patients [29]. Together these microorganisms were
responsible for 90% of the BSIs recorded [29].

S. aureus and E. coli can be commonly found both on and in humans or animals and the
surfaces they interact with. Although the presence of these bacteria can be harmless, the
pathogenesis and rapid multiplication of these organisms at room temperature make them
an overwhelming threat for microbial contamination [12,27]. Moreover, the transmission and
the subsequent production of bacterial toxins is a risk for contamination and disease spread
[15,27]. Another major contributor to the dilemma of AMR is the prevalence of drug-resistant
microbes in agriculture, spread of foodborne diseases and resistance [30]. Some of the
bacteria associated with foodborne illnesses include Listeria monocytogenes [30], E. coli
[27,31] and S. aureus [27,32]. Although sanitary measures are taken in such practices, the
bacterial matrix of biofilms often resists the penetration of disinfectants and other biocides
commonly used making effective disinfection of contact surfaces challenging [14].
L. monocytogenes has been shown to form biofilms on both hydrophobic and hydrophilic
surfaces frequently used in food processing environments including plastic, stainless steel
and even Teflon® [25,30]. While S. aureus and E. coli are frequently detected in dairy and

meat processing environments [26,27,31].

In South Africa farmers are legally allowed to purchase veterinary drugs without a
prescription under the Stock Remedies Act (Act 36 of 1947) [33] this unmediated use of
antimicrobials is a risk factor for resistance development [6,27]. Although South Africa is
responsible for the production and supply of livestock and meat products across the African
continent [1, 3], a study conducted by Jaja et al. [27] found multiple antibiotic resistance
phenotypes in S. aureus and E. coli isolates in meat from both formal and informal meat
processing sectors in South Africa. While a similar study reported biofilm forming MDR L.
monocytogenes isolates in water (boreholes and rivers) and food (meat, vegetables and
milk off-the shelf) samples randomly collected in the North West province of South Africa
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[34]. Unfortunately, as aforementioned, a major draw-back in the fight against drug-resistant
pathogens and biofilms is the lack of novel antimicrobial classes (Fig. 1.1) [2—4,6,7].
Meanwhile. the increased prevalence of resistant microbes and the seemingly inescapable
need for antimicrobial use continues to raise concern on the potentially life-changing impact
of AMR [1,5,13]. The development of novel antimicrobials and antimicrobial treatments is

therefore imperative, not only in the context of South Africa, but globally as well [3,7].
1.3 Alternative antimicrobials

1.3.1 Antimicrobial peptides

Antimicrobial peptides (AMPs) are a group of antimicrobials naturally produced by
organisms across the prokaryotic and eukaryotic kingdoms as part of their primary defence
mechanisms [35,36]. A major benefit of AMPs is their widespread production, versatile
biological function, and structural diversity. AMPs mostly differ from more traditional
antibiotics by their alternate and broad range of inhibitory mechanisms towards a variety of
cellular targets [37—39]. These characteristics, in turn, lower the likelihood of de novo
resistance development against AMPs [3,39].These agents have therefore been noted as
ideal alternatives to more conventional antimicrobial treatments against microbial infection,
drug-resistant pathogens and biofilms [3,39,40]. A plethora of AMPs have already been
discovered and synthesised across the globe and have been widely classified according to
a variety of factors including: their biosynthetic machinery (i.e. ribosomal or non-ribosomal),
biological sources (i.e. bacteria, fungi, plants, or animals), biological functions (i.e.
antimicrobial, antifungal or anti-parasitic), peptide properties (i.e. charge, hydrophobicity,
amino acid composition, or size), covalent bonding patterns (Class | to 1V i.e. linear, cyclic,
loop, knotted), secondary structures (i.e. a structures, B-structures, a- and -structures, or
undefined secondary structures) and molecular targets (i.e. cell surface or Intracellular
targeting etc.) [36,41-43]. Fig. 1.3 shows the total number of AMPs recorded in the database
of antimicrobial activity and structure of peptides (DBAASP) according to their biosynthetic
machinery, reported synergy and antimicrobial activity against S. aureus and E. coli [1,2].
Table 1.1 summarises some of the common biological functions of AMPS currently recorded

on antimicrobial peptide database (ADP) hosted by the University of Nevada [36,43].
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Table 1.1 Summary of structural classes and select biological functions of AMPs currently
recorded and adapted from APD (University of Nevada) [36,43].

Structural Class Number of AMPs* Percentage (%) *
Unknown 3D structure 2166 60.8
a-helical 513 14.4
a-helical and B-sheet 121 3.4
unusual amino acid rich 114 3.2
B-sheet 89 2.5
Neither a-helical and 3-sheet 24 0.7
Biological Function Number of AMPs* Percentage (%) *
Antibacterial 3021 84.8
Antifungal 1277 35.8
Anticancer 271 7.6
Antiviral 201 5.6
Antiparasitic 140 3.9
Antibiofilm 81 2.3
Insecticidal 42 1.2
Anti-inflammatory 39 1.1
Enzyme/protease inhibitory 33 0.9
Antioxidant 31 0.9

*numbers and percentages based on total of 3563 AMPs recorded in the APD [36,43].

AMPs are often described by their biological functions (i.e., antibacterial) as shown in Table
1.1. However, to simplify scientific discussions, AMPs are more commonly divided into
categories according to their secondary structures (a-helical, B-sheet, a-helical and B-sheet,
non a- B, or unusual amino acid rich peptides) [36,44] and covalent bonding classes (linear,
cyclic, looped, or knotted) [36,44]. Examples of AMPs categorised according to their
secondary structures are shown in Fig. 1.2 and include: magainin 2 and human cathelicidin
(LL-37) (Linear a-helical structures), bovine lactoferricin and human defensin 5 (B-sheet
structures), Pisum sativum defensin 1 and human B-defensin 1 (a-helical and B-sheet
structures), and indolicidin (no a or B structures). The diversity in structure and biological
function of AMPs is complimented by their variety in modes of action (Table 1.1). B-sheet
AMPs often contain hydrophobic and cationic amino acid residues allowing the formation of
characteristic amphipathic secondary B-sheet structures. These amphipathic structures
have been shown to associate with the hydrophobic bi-lipid membrane layer of

microorganisms resulting in the disruption of the microbial membrane structure [35,37,45].
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Figure 1.2 Examples of AMPs according to their 3-D secondary structure classifications.
Images of AMPs were created using Protein Data Bank: magainin 2 (PBD ID: 2MAG, DOI:
10.2210/pdb2MAG/pdb), human cathelicidin LL-37 (PDB ID 2K60;
DOI:10.2210/pdb1LFC/pdb), bovine lactoferricin (PBD ID: 1LFC, DOl:
10.2210/pdb1LFC/pdb) human defensin 5 (PBD ID: 1ZMP DOI: 10.2210/pdb1ZMP/pdb),
pisum sativum defensin (PBD ID: 11JKZ DOI: 10.2210/pdb1JKZ/pdb), human B-defensinl
(PBD ID: 113U, DOI: 10.2210/pdb1lJU/pdb), indolicidin (PBD ID: 1G89 DOI:
10.2210/pdb1G89/pdb).

Meanwhile, the cationic residues and net positive charge of some AMPs, allow for selective

interactions with negatively charged bacterial cell membranes [35,37,45]. However, many
other modes of actions have been reported. The multifaceted modes of action of AMPs
(Fig. 1.5) have been extensively reviewed [3,44,46] and proposed to include (1) membrane
alterations, (2) translation/transcription inhibition, (3) cell membrane formation inhibition, and
(4) metabolic pathway inhibition [3,46]. A major benefit of membrane active antimicrobial

agents is that target microbes would need to alter their membrane structures to achieve
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resistance which is a much more complicated mechanism compared to more conventional

mutations such as modifications in enzyme binding sites [47,48].

Bl AMPs
Bl E coli
Bl s aureus
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Figure 1.3 Total number of antimicrobial peptides (AMPs) recorded in DBAASP v 3.0
[41,42]. Total number of AMP entries for each criterion are indicated in green. AMPs that
have antimicrobial activity recorded against Gram-negative E. coli are indicated in blue and
Gram-positive S. aureus in red. Entry numbers are indicated at the end of each respective
bar. Criteria include: synthesis type (synthetic, non-ribosomal or ribosomal), recorded
antimicrobial synergy (synergistic) and recorded antimicrobial synergy against silver or silver
nanoparticles (Synergistic (Ag*/AgNP)). Entries are in accordance to date accessed [42].

Table 1.2 summarises four AMPs that have successfully registered for stage Il clinical trials
for applications in intravenous [49], oral [50,51], and topical applications [52]. Unfortunately,
despite making it to phase 3 trails, most of these treatments have reported no improvement
in activity compared to currently available alternatives [53]. Due to the nature of AMP
structures and their closely related microbial action, chemical or conformational peptide
modifications (specifically the introduction or substitution of charged amino acids or
moieties), has been shown to have a major impact on the AMPs specificity and activity [54].
The manipulation of AMP characteristics via combinational therapies capable of modifying
peptide structure has therefore become of increasing interest to improve the antimicrobial

actions of AMPs and their drug delivery [3].
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Table 1.2 Summary of AMPs in stage lll clinical trials

Administration Peptide name Description Treatment Mechanism Clinical Trial
Intravenous Daptomycin cyclic lipopeptide  bacteraemia Membrane NCT01922011

ptomy y popep disruption/

Gram- Depolarization

Nisin lantibiotic positive of cell NCT02928042

infections membrane

Oral

Surotomycin  cyclic lipopeptide Diaherria Membrane NCT01597505

y y popep disruption

. . . . Membrane
Topical Gramicidin Polycyclic peptide Wounds . . NCT00534391

disruption

Adapted from Martinez-Vazquez et al. [53].

1.3.2 Antimicrobial metal-derived nanomaterials

Another emerging field in antimicrobial treatment is metal-derived nanomaterials with
inherent antimicrobial activity. Antimicrobial nanomaterials are distinctive in their
physiochemical properties which allows application prospects in a variety of therapies
including biomedical and agricultural fields [55-57]. A nanopatrticle is defined as any patrticle
of matter smaller than 100 nm in diameter. Metal nanoparticles (MNPs) have gained
scientific interest due to their high surface-to-volume ratios and unique optical, electronic,
and catalytic properties [3,58,59]. Silver, gold, copper, iron, magnesium, and zinc
nanoparticles have all been investigated for nano fertilisers to promote crop growth and
nano-pesticides to prevent crop disease [59]. Whilst in the medical field silver and gold
nanoparticles have already been used for biosensing and biomedical treatments [60—62]
and the development of new treatments continues to show promise for new applications
against drug resistant pathogens. A study by Yang et al. has indicated potential use of
pharmaceutical-capped gold nanoparticles for the treatment of drug resistant bacteria [60].
While another study [63] has shown potential for the treatment of drug resistant biofilms with
silver nanoparticles (AgNPs). The use of silver in every-day practices is already popular,
AgNPs have shown applications in medicine, agriculture, and industry as antimicrobial
nanomaterials. Table 1.3 shortly summaries a selection of patented AgNP products and their
applications in dental treatments [64], wound healing [64], food packing [65] and even water

purification [66] within recent years [62].
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Table 1.3 Patented AgNP products and applications.

Treatment Product Patent Year
Dental silver aqueous gel US9192626B 2015
Wounds AgNPs-polysaccharide ;4130507941 2013
gel matrix
Food packaging AgNP treated polymer US20080185311A1 2008
V.\/.ater. immobilised AgNPs in filters  W02012140520A 2013
Purification

Adapted from Sim et al. [62].

Like AMPS an advantage of MNPs is their broad spectrum of activity and multiple modes of
action which makes them unlikely to have resistance developed against them [3]. However,
the antimicrobial mechanisms of MNPs are complex and depend strongly on the
physiochemical properties of the nanoparticles [3,58]. Currently proposed modes of action
[3], of MNPs are summarised in Fig. 1.5 and include (1) disruption of membrane permeability
[67], (2) DNA and RNA interactions [68], (3) metal ion release and reactive oxygen species
(ROS) [69]. MNPs have also been shown to inhibit the formation of biofilms [63]. Besides
their multiple modes of action, MNPS also have many other characteristics that make them
great alternatives to more traditional antimicrobials. One of the most promising
characteristics is the synergistic effect MNPs tend to have when combined with other

antimicrobials [70,71].

Fig. 1.3 shows the total number of AMPs submitted to the ADP that have shown synergistic
activity with AgNPs. It's important to note here that the number of AMPs is not representative
of mutually inclusive entries. The synergy of AMPs with silver therefore does not necessarily
account for their antibacterial activity against S. aureus or E. coli. It should therefore be
stated that of the six AMPs that have reported synergistic activity with silver, three have also
shown activity against E. coli, and two have shown activity against S. aureus. However,
upon investigation only two of these AMPs reported activity against E. coli when
synergistically interacting with Ag*/AgNPs. One of these peptides includes the -sheet cyclic
decapeptide gramicidin S [37,71]. Gramicidin S is an analogous peptide to cyclic
decapeptides found in tyrothricin [72—74] which is discussed in further detail later in this
chapter. The synergistic activity between AMPs and MNPs is an indicator of peptide-metal
interactions capable of enhancing the antimicrobial action of these agents. The combination
of AMPs with MNPs is therefore a promising avenue of investigation for the development of

novel antimicrobial drugs and antimicrobial materials.
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Figure 1.4 Schematic illustrating the proposed mechanism of photo-induced peptide-
assisted MNP formation and subsequent green synthesis of AMP-MNP conjugates. Light
irradiation of AMP:MNP formulations allows photo-induced electron transfer (PET) between
AMP and metal ions accelerating the reduction reaction. Figure adapted from illustrations
by Shah et al. [75] and the proposed role of AMPs in MNP fabrication by other studies
[76,77].

Detailed accounts on MNP properties, synthesis methodologies and applications have been
made. MNPs can be fabricated using one of two methods: top-down or bottom-up [78,79].
The top-down approach includes mechanical or physical breakdown of bulk metals into
smaller nanostructures [78,79]. Whilst the bottom-up approach includes a variety of
chemical methods [78,79]. Including two popular methodologies: photo-induced [80,81] and
chemical-induced reduction [82-84]. More recently, the principles of photo-
induced/chemical reduction methodologies have been reapplied using biological methods
as a more cost effective and greener alternative to chemical synthesis of MNPs [3,75,80].
One of these biological methods of MNPs synthesis is the use of certain amino acids and
peptides including AMPs [76,78,85,86]. Traditionally chemical synthesis requires three main
components: metal precursors, reducing agents, and stabilising/capping agents to allow the

reduction of metal salts and subsequent nucleation and growth of metal nanopatrticles (see
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Fig. 1.4) [84,87]. Studies have shown that peptides can, like traditional chemical capping
and stabilisation agents, aid the reduction and stabilisation of metal particles [88,89] to allow
the biosynthesis and growth of MNPs [76,77]. Moreover, the irradiation of peptide:metal
mixtures, with a laser [80] or even sunlight [90], can be used as a tool to induce photo-
electron transfer (PET) [88] to accelerate this biological reduction.

1.3.3 Combinational drug therapies

In more recent years, there has been an increased interest in combinational drug therapies
because of the low probability of a pathogen developing resistance against the combined
inhibitory mechanisms of antimicrobial agents. Moreover, synergism between antimicrobial
agents in combination allows for the creation of drugs with an enhanced therapeutic index.
Combinational therapies have already been shown to broaden the spectrum of activity and
subsequently improve drug efficacy against multi-pathogen infections including ESKAPE
pathogens [3,71,91-93]. Fig. 1.3 shows the number of AMPs that have reported synergistic
activity when formulated with other antimicrobial agent, drugs, or materials. Similarly, MNPs
have also shown to be synergistic when formulated with other agents [70] including AMPs
[70,71,94]. The combinational therapy of these two antimicrobial agents therefore shows
promise for improved activity due to combined antimicrobial action, and lowered risk of

resistance development due to the combined modes of action (Fig. 1.5) [3].

MNPs
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Figure 1.5 Schematic illustrating the common antimicrobial modes of action for (A) AMPs
and (B) MNPs adapted from Leo-Buitimea et al. [3]
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A major benefit of using AMPs for MNP synthesis is their variability in amino acids, amino
acid sequences and thereby peptide structure. This versatility allows the synthesis of MNPs
of different sizes, shapes, and compositions [78]. A study by Ramakrishan et al. [95] reported
that peptides predictably formed specified configurations when interacting with platinum (Pt)
nanoparticle structures, and that these configurations were dictated by peptide structure and
peptide-Pt interactions. Meanwhile, a study by Gupta et al. [80] showed changes in the size
and shape of AgNPs due to peptide concentration, structure and self-assembly. Moreover,
this study showed that larger peptide structures engulf MNPs showing potential for the
modulation of MNP drug delivery. The variability in peptide-metal interactions therefore
allows the modulation of AMP-MNP drug structure and delivery [78,96].

1.3.4 AMP-MNP hybrids and the role of tryptophan in green synthesis

Several studies have already reported the formation of MNPs, aa-MNPs and peptide-MNP
conjugates by formulations metals with aromatic amino acids and aromatic-amino acid
containing peptides [76,77,97,98]. The intrinsic fluorescence of tryptophan and tryptophan-
based peptides has become a popular tool to aid the characterisation and track the peptide-
assisted fabrication of AMP-MNP hybrid nanostructures [76,99-106]. Multiple studies have
reported interactions between aromatic residues and metal ions including co-ordination
based complex formation and the reduction of certain ions [78,84,86,98,107-110].
Selvakannan et al. [85] reported the reduction of silver and gold ions, and subsequent AgNP
and AUNP formation, is prompted by the ionization of tyrosine phenolic group. While
Polavarapu et al [111] illustrated that histidine can be used as a stabiliser for AuNP
synthesis. A study by Nasrolahi Shirazi et al. [77] further reported that aromatic-rich cyclic
peptides can act as both a reducing and stabilising agent for the formation of AUNPs. While
Ray et al. [112] proved that the absence of aromatic residues in oligopeptides fails to
synthesise MNPs. Moreover, all these studies note the critical impact of peptide and residue
structure/integrity and/or concentration on the formation of MNPs. The role of aromatic
amino acids is thereby not only crucial for the synthesis of peptide-MNP conjugates but

requires careful consideration when selecting aromatic-rich peptides.
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1.4 The AMP complex of Tyrothricin

1.4.1 The tyrothricin complex and the tyrocidines

A potent antimicrobial, previously limited to topical applications, has gained a rejuvenated
interest due to potent antimicrobial nature of the tyrothricin [48,113]. Tyrothricin is produced
during the Brevibacillus parabrevis’s sporulation phase via non-ribosomal pathways [114—
116] making the tyrothricin peptides part of the 468 documented non-ribosomally produced
peptides (Fig. 1.3) [41,42]. Interestingly, tyrothricin was the first antibiotic in clinical use in
the 1940’s [73,74,116] for topical applications due to its haemolytic characteristics [117].
Despite being widely used for topical treatments for years, comparisons between current
and past MICs show little change in the tyrothricin’s susceptibility to its broad spectrum of
target microbes [113] which includes Gram-positive [37,47,118-121] bacteria, some Gram-
negative bacteria [47,120,121], yeasts [93,122-124], filamentous fungi [125,126] and even

malarial parasites [117,127].

The two peptide families found in the tyrothricin peptide complex include the basic cyclic
tyrocidines (Trcs) and the neutral linear gramicidins (Grms) [114,128]. The Trcs and Grms
are believed to be, like many AMPs, predominantly membrane lytic [37]. A major benefit of
membrane active antimicrobial agents such as found in the tyrothricin complex is that target
microbes would need to alter their membrane structures to achieve resistance which is a
much more complicated mechanism compared to more conventional mutations such as
modifications in enzyme binding sites [39,47,48,113]. However, Trcs have also shown other
mechanisms of action including intracellular targets such as RNA transcription inhibition by
interacting with DNA and resulting in hyperchromicity [129,130]. Both Trcs and Grms are
rich in D-amino acids making them part of a small percentage (3.2 %) of AMPs (see Table
1.1) that have unusual amino acids [36,43]. The Trcs are also rich in hydrophobic amino
acid side chains. The cyclic nature and presence of unusual amino and hydrophobic
residues improve peptide stability in the presence of most proteolytic enzymes and could
allow the peptide to bypass mechanisms of resistance such as enzymatic degradation [48].

1.4.2 Tryptophan-rich cyclodecapeptides

The Trcs are antimicrobial decapeptides with a highly conserved amino acid sequence,
cyclo-(fLP2X3x*N°Q®X7V80°L1%) with variance in residues at positions 3, 4, 5, 7 and 9 giving
rise to a large natural library of tyrocidines and tyrocidine analogues. Fig. 1.6 is an example

of how individual amino acid substitutions gives rise to different Trcs. Amino acid variance
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at position 7 (X’) designates tyrocidines (Tyr’), phenycidines (Phe’) and tryptocidines (Trp”)
whilst variance in the dipeptide unit at position 3 and 4 (X3x*#) allows for peptide analogues
A (Phe®Phe?), B (Phe3Trp* or Trp3Phe?) or C (Trp3Trp?#). Substitution of ornithine at position
9 (0O with lysine (Lys®) gives rise to the respective A1, B1 and C1 analogues as shown in
Fig. 1.6 with the case of Trc A and Trc A1[131-133]. The conserved amino acid sequence
of Trcs and analogues make them structurally similar (refer Fig. 1.6). Moreover, these
peptides have shown a high tendency to oligomerise and aggregate in different aqueous
solutions [119,124,134-137]. This, in turn, makes the purification of single analogues from
natural tyrothricin extracts challenging as reported by previous studies [105,115,126,128]
and discussed in detail in Chapter 2 of this study. Although challenging to purify, the different
tyrocidine analogues have shown promising broad-spectrum activity with proposed multiple
modes of action [37,39,44,45,47,118,119,138-141].

Phe®

(Trp, Tyr)
A (o-Tyr) TrP
D- Phe
(HPro) p-Phe? Pro?
F’I’O2 Q (o-Trp, p-Tyr)
NH m %ﬁ

s\ D Trp4

O
m
+H;N

Leu"’

val® HZN Gln®
(Asp) .
Tyrocidine A Ty’ Tyrocidine C Tyr?
OH (Trp, Phe, Leu) OH
C Phe? D (o-Tyr) Trp?
D Phe’ 1
° 0-Phe? D FIe’ ihero)
Pro2 Q Pro2 _Jo Trp*
Leu10 Leu1°
H
o o
°”?” Asnf' OHN  pqns
NH
: s g
Val HzN rm
Gin® Valg' HN o6
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7 . e .
Tryocidine A, Tyr Tryptocidine C Trp’

Figure 1.6 Cyclic decapeptide structures of Tyrocidines. The tyrocidine A (Trc A) structure
(A) indicates the ammino acid residue variances in brackets at each respective residue
position numbered 1 to 10. Variances at position 3 (red), 4 (red) and 7 (blue) and 9 (orange)
give rise to tyrocidine C (B) tyrocidine A1 (C) and tryptocidine C (D) analogues. Figure
adapted from Wenzel et al. [37].
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Since tyrothricin is naturally produced by Br. parabrevis [74], culturing conditions can be
manipulated to favour the large-scale production of different peptide analogues as shown
by Vosloo et al. [128]. Amino acid supplementation of producer cultures alters the peptide
production profile of the producer by promoting amino acid substitutions within the tyrothricin
complex resulting in a production preference of certain peptide analogues
[115,128,131,142]. Not only does this production profile alteration ease purification, it is also
a cost-effective tool to improve the yields and extract previously under-produced analogues
like the tryptocidines (Tpcs) [115,128]. The isolation of single analogues is of interest due to
favourable, yet analogue-specific, characteristics of the different peptides. Modification of
tyrocidine A (TrcA) via single amino acid substitutions by Marques et al. [47] revealed that
the antimicrobial activity of the peptide is dictated by the type, position, and abundance of
amino acid residues likely due to the changes in the peptides’ amphipathic nature. This is
further supported by multiple findings which report differences in structure [45,133,142,143],
oligomerisation [45,124,135,143], target specificity and activity [37,120,144] between
peptide analogues. This variability in peptide analogues, although complex to characterise,
allows the broad-spectrum activity of tyrothricin and its minimal risk of resistance
development [73,113,116]. Moreover, the diversity in analogue character and behaviour is
advantageous for the development and modification of novel drugs with distinct properties

and/or versatile applications.

1.4.3 Tyrocidine’s active structures, oligomerisation and self-assembly

Tyrocidines fall into the 2.50 % of B-sheet structured AMPs discovered (see Table 1.1). The
B-sheet structure of Trcs allows the formation of a curved amphipathic dimer [45,124,143].
A study by Loll et al. [143] modelled how the stabilisation of the amphipathic dimer, through
H-bonding and hydrophobic interactions, allows the peptide to integrate itself into the cell
membrane of its target organism. The hydrophilic dimer region was shown to be facing the
external environment whilst its hydrophobic counterpart interacts with the cell membrane.
This dimeric structure disrupts the microbial bilipid membrane layer resulting in cell leakage
and ultimately cell death [143]. A study by Munyuki et al. [45] proposed that these dimeric
moieties also act as seeding units for the formation of pore-like structures within the cell
membrane of target organisms. Tyrocidines have been shown to self-assemble into a variety
of nanostructures [119,124,135-137,145]. Moreover, multiple studies have indicated that
the structure and oligomerisation behaviour of tyrocidines dictate the antimicrobial efficacy

of these agents and are largely influenced by the peptide concentration, analogue and
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environment [37,47,118-120]. A study by Ruttenberg et al. [100] highlighted that although
modification of TrcB aromatic ring structures prevents peptide aggregation, the lack of
oligomerisation adversely impacted the bioactivity of the peptide. Rautenbach et al. [124]
showed that although structurally similar peptide analogues TrcA, TrcC and TpcC (Fig. 1.6)
all formed amphipathic type-U anti-parallel B-sheet dimeric structures, each analogue
showed different oligomerisation preferences. TrcA preferred to form larger oligomeric
structures while TpcC had the strongest propensity to form dimers. Wenzel et al. [37] noted
that TrcC is more active than TrcA and suggested that the substitution of Phe with a Trp
residue at position 3 and 4 (Fig. 1.6) improves the pore-forming capacity of TrcC. Yet, other
studies have shown that structurally analogous TpcC, which has an additional Trp residue
at position 7 (Fig. 1.6) is less active than TrcC [93,125,138].

Aromatic Stacking
and H-Bonds

KX .- self-assembly

i of TpcC into
structured

nanoparticle

TpcC nanostructure

Figure 1.7 A schematic adapted from Rautenbach et al. [124] and Kumar et al. [119]
representing the TpcC molecular modelling and docking (YASARAZ2) results of non-
amphipathic Type-II (T-1l) tryptocidine C dimer 3-D structure and its respective Type-Il non-
amphipathic 3-sheet tetramer. Inter-molecular interactions (H-Bonds and aromatic stacking)
are indicated by the blue circle. Type-Il TpcC monomers, dimers, and oligomers form core
(darker green) of the TpcC nanostructure, while non-amphipathic Type-l (T-I) TpcC
structures (tetramer structure not shown) form the outer shell (light green) of the TpcC
nanostructure. TpcC cyclic peptide structure (TpcC) is also shown.
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As indicated by Ruttenberg et al.[100] peptide-assembly has been closely associated to the
presence and interactions by/with aromatic amino acids [47,134]. Studies by Kumar et
al.[119] illustrated the critical role of aromatic stacking and hydrophobic interactions between
peptide monomers and dimers in the formation of larger antimicrobial TpcC nanostructures.
The schematic in Fig. 1.7 illustrates the proposed intrinsic self-assembly dynamic of TpcC
as described by Rautenbach et al. [124] and Kumar et al. [119]. These studies showed that
TpcC forms two prominent dimeric structures, one amphipathic (T-I) and the other a non-
amphipathic (T-11), which undergo ordered self-assembly to form larger TpcC nanostructures
in ethanol-water solutions. It was proposed that the non-amphipathic moieties construct the
core of these nano-assemblies while the amphipathic moieties assemble on the outer shell
of the TpcC nanostructure and interact with the solution environment and/or target
membranes. The intrinsic self-assembly and ordered oligomerisation of tyrocidines and
analogues into different oligomeric structures likely play a role in the peptide’s membrane

interactions and therefore membranolytic activity.

1.5 Potential of tyrocidine formulations with metals

The tyrocidines have already shown promising applications as potent antimicrobial agents
on their own and in formulation with different materials and drugs. Troskie et al. [93] reported
the synergistic activity of different tyrocidines and tryptocidines against C. albicans biofilms
when formulated with antifungal drugs caspofungin and amphotericin. While other studies
have showed promise for maintained antimicrobial activity when formulated with celluloses
[146-148]. The tyrocidines and analogues have shown potent activity against a variety of
organisms including drug resistant Gram-positive bacteria such as S. aureus
[37,47,118,119] and L. monocytogenes [120]. However, poor activity is shown against E.
coli [47,120] The formulation of these cyclodecapeptides with metals, for example silver
which has shown activity against Gram-negative bacteria such as E. coli [63,149,150], could

improve the antibacterial activity of these peptides.

Previous work by Troskie et al. [120] also reported changes in the anti-fungal activity of
different tyrocidine analogues when formulated with different metal chloride salts:
magnesium (Mg?*), calcium (Ca?*), sodium (Na*) and potassium (K*). It was noted that the
changes observed were both analogue and cation specific. In this study, the activity of a
purified commercial tyrocidine mixture (Trc mix) and its A (TrcA), B (TrcB) and C (TrcC)
analogues against fungal pathogens, Fusarium solani and Botrytis cinerea, was shown to

be insensitive to the pre-incubation of peptides with metal chloride salts. All three peptides
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maintained activity for 48 hours after exposure to doubly charged (Mg?*) and singly charged
(Na* and K*) metal cations while dose-dependent and analogue specific sensitivity was
observed towards Ca?* ions. The lack of sensitivity towards the di-valent Mg?* ions indicated
that the loss in activity after Ca?* exposure was not due to ion-interference with peptide
membranolytic interactions, but more likely the formation of peptide-Ca?* complexes and
subsequent alterations of peptide structure or oligomerisation/aggregation behaviour
[45,117,131,143]. Although a loss in activity was observed in the case of these tyrocidines
against Fungi, the results confirmed interactions between tyrocidines and metals and hinted
towards the formation of peptide-metal complexes. Since green synthesis of MNPs requires
the effective reduction and subsequent stabilisation of metal cations, the peptide-metal
interactions proposed by Troskie et al. [120] therefore suggests that the tyrocidines may

behave as both reducing and capping agents for the formation of MNPs (Fig. 1.7).

1.5.1 Trp-rich cyclodecapeptide-metal nanoparticle hybrids

As aforementioned, the role of aromatic amino acids is critical for the peptide-assisted
green-synthesis of nanoparticles and that the choice of peptide dictates MNP fabrication.
Interestingly, a study by Roy et al. [99] confirmed interactions between all three non-polar
aromatic amino acids phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) with AgNPs.
This work suggested that the aromatic residue not only partake in metal ion reduction but
continue to interact with already synthesised MNPs. Meanwhile, research by Shoeib et al.
[86] and Tan et al. [78] showed that tryptophan residues have a higher affinity for silver ions
and therefore stronger binding and reduction ability than its other aromatic amino acid
counterparts. Peptide structure stability and self-assembly has been strongly associated
with the interactions between aromatic amino acids, particularly tryptophan, and their
environment [96,106,119,124,151,152]. The Trp-driven self-assembly of peptides into
nanostructures, and the interactions of these aromatic residues with MNPs, is therefore
promising for the encapsulation of MNPs and formation of AMP-MNP hybrids with unique
applications in drug-delivery [96]. A study by Mishra et al. [153] successfully reported that
the self-assembly nature of a biotin-di-tryptophan peptide forms larger peptide nano-
assemblies via aromatic stacking and that such structures are capable of encapsulating
metal nanoparticles [154]. Since the tyrocidines are known to readily self-assemble into
stable oligomeric structures, the application of such peptides in formulations with metals
therefore holds the potential for encapsulation of MNPs. Moreover, the high-Trp amino acid

composition of the Trcs makes them promising candidates for the fabrication of potent
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cyclodecapeptide-metal nanoparticle (CDP-MNP) hybrids [47,103,119]. Formulation of
these antimicrobial peptides with metals could therefore bridge the gap where peptides have
previously shown poorer activity against certain target organisms. In turn, creating a novel
nanodrug with broad spectrum activity and even lower risk of resistance development [3].
Moreover, the manipulation of Br. parabrevis producer cultures and subsequent isolation
potent tryptophan-rich C analogues [128], for the use of such Trp-rich peptides for CDP-
MNP hybrid fabrication could yield conjugates with improved and/or novel antimicrobial
activity. Furthermore, the large-scale natural production of the tyrocidines and analogues
may be a useful tool for upscaling the green synthesis of MNPs.

1.5.2 AMP-MNP surface applications and the potential for CDP-MNPs

The contamination of human and food contact surfaces and environments is a continual
daily threat for the spread of disease. The incorporation of antimicrobials active agents into
nanomaterials has become an avenue of investigation for the development of self-sterilising
surfaces to prevent and/or treat surface contamination. Such surface treatments either
prevent the adhesion of microbes to surfaces or eradicate microbes via slow-release or
contact killing [155]. Thereby mitigating surface contamination, biofilm formation and
disease spread. Two major requirements for the successful fabrication of surface treatment
materials includes: (1) the incorporation of the active agent into the material and (2) the
adhesion of such nanomaterials to the target surface [156]. Moreover, the stability of these
surface nanomaterials is essential for effective treatment. The stable incorporation of active
agents is commonly achieved via non-covalent interactions in formulation or polymer
entanglement [156].Metal nanoparticles have already gained popularity for the incorporation
into nanomaterials and nanoformulations for surface treatments (as shown in Table 1.3) with
AgNPs being one of the more popular commercially available treatments due to their well-
established bactericidal properties and topical biocompatibility [62]. Meanwhile cationic
membranolytic antimicrobials have also gained interest for surface applications due to their
mode of action and likelihood to bind with materials via hon-covalent interactions [156,157].
Investigations of combinatorial therapies of antimicrobial peptides with AgNPs have
therefore become particularly popular [3,158,159]. The preparation of AMP and AgNPs
hybrids thereby presents an exciting new era of antimicrobial treatment [3]. Nonetheless,
AMP-MNP combinations with gold, copper and zinc have also shown improved antimicrobial

action against drug-resistant pathogens and have shown potential surface applications
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[160-164] in fields such as agricultural practices [165], packaging [166] and industrial
treatments [167].

Although combined therapies are of particular interest, the biochemical conjugation of
organic materials to metals is an interesting nontechnological drug development technique
itself [103]. The characteristic changes in metal colloids could be used as a convenient tool
for the fabrication of antimicrobial peptide-incorporated nanomaterials [58]. These colour
changes can thereby provide important information on the characteristics of MNPs in
nanoformulations, in turn, minimising the time and money spent on further material
characterisation. The streamlined, large-scale, and eco-friendly fabrication combined
antimicrobial action rapid characterisation of AMP-MNP conjugate makes the application of
these hybrid formulations a promising and economical alternative in topical or surface
treatments. The creation of CDP-MNP hybrids therefore presents an exciting new era of

antimicrobial surface treatment.

Van Rensburg et al. [146,168] noticed that the tyrocidines and analogues tend to adhere to
certain celluloses and polystyrene surfaces. Further investigation and formulation of peptide
with a variety of commercial materials (plastic, cling film and tissue paper) led to the
development of a robust antimicrobial materials with strong antimicrobial action against L
monocytogenes. These Trc-containing materials are now patented for applications to
prevent microbial growth on surfaces [169]. The potential of Trcs for the fabrication of active
nanomaterials and the applications of such materials in antimicrobial surface treatments has
therefore already been established [146,168,169]. The broad-spectrum antimicrobial activity
of tyrocidines, the role of tryptophan in the fabrication of metal nanoparticles, and the
likelihood of MNP encapsulation via peptide self-assembly possesses exciting potential for
the development of a novel CDP-MNP nanoformulations. Moreover, the fabrication and
development of antimicrobial CDP-MNP surface treatments and/or nanomaterials holds
great potential for biomedical, agricultural, and other commercial applications. Furthermore,
the development of CDP-MNP materials and/or treatments could lead to patenting. The
successful creation, biophysical analysis, and antimicrobial characterisation of CDP-MNP
nanoformulations is therefore an essential first step towards developing this novel

antimicrobial nanodrug.

An integral part in developing such nanoformulations would be the procurement of pure
peptides. Although an aromatic residue-rich peptide mixture (Trc mix) can easily be isolated

from a commercial tyrothricin via organic extractions, the production and isolation of
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tryptophan rich C analogues will require the manipulation of Br. parabrevis producer cultures
[74,93,123,128]. These naturally produced amphipathic peptides would need separated
from their linear gramicidin counter parts in tyrothricin complex via organic solvent extraction
purified using high performance liquid chromatography techniques to isolate single
analogues of high purity (>90%) as confirmed by mass spectrometry analysis (see Chapter
2). Analysis of formulation of these peptides with different metals may give valuable insight
on the peptide-metal interactions and could serve as an indicator of favourable peptide:metal
combinations for the fabrication of CDP-MNP conjugates [170]. Moreover, this dynamic
biophysical analysis could also highlight favourable or unfavourable changes in peptide
structure or oligomerisation behaviour [124,171]. This, in turn, would serve as useful tool to
indicate changes in antimicrobial action and peptide nano-assemblies (see Chapter 3).
Nonetheless, the formation of CDP-MNP conjugates would still need to be confirmed,
optimised, and characterised to define hybrid structures. Most importantly, these CDP-
MNPs would need to be tested against model target organisms to determine interaction
between agents and the viability of these conjugates for the incorporation and development

of nanodrugs and nanomaterials for topical or surface applications (see Chapter 4).
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Chapter 2
Production and purification of tryptophan-containing
antimicrobial cyclodecapeptides and their analogues

2.1 Introduction

To investigate the biophysical characteristics and antimicrobial properties of the peptide-
metal formulations in this study, both a mixture of tryptophan containing peptides and pure
peptide (>90% purity) was required. Tyrothricin is a bactericidal complex naturally produced
by the soil bacterium Brevibacillus parabrevis (B. parabrevis) consisting of two peptide
groups: the cyclic tyrocidines (Trcs) and the linear gramicidin (Grms) [1,2]. The Trcs are
decapeptides with a highly conserved amino acid sequence, cyclo-(f:P2X3x*N°Q8X"V8Q9L10)
with variance in residues at positions 3, 4, 5, 7 and 9. The tyrocidine analogues that are
commonly found in culture extracts are summarized in Table 2.1. The variance in positions
3 and 4 (Phe34, Trp34), defines the A, B and C analogues and the variance at position 7
(Tyr’/Phe’/Trp’) indicates the tyrocidines, tryptocidines and phenycidines. Whereas the
variance at position 9 (Orn®/Lys®) indicates the A, A1, B, B1, C and C1 analogues [1-5]. The
production of tyrothricin from Br. parabrevis cultures is a complex process with a multitude
of factors influencing the peptide production rate, yield, and profile [6—8]. However, it is the
structural similarity between the different Trcs and their propensity to self-assemble,
oligomerise and aggregate [9—12] which makes the purification of single analogues from
peptide mixtures an arduous challenge. To aid in this process, the BIOPEP ™ Peptide Group
developed a large-scale method to produce and extract Trcs [7,13]. This method shifts the
peptide production profile of Br. parabrevis by supplementing the cultures with select amino
acids, subsequently promoting the production of specific peptide analogues and allowing
larger yields of these peptides during the purification process [5-7,13]. For this study this
method of supplementation was utilised to shift the Br. parabrevis peptide production profile
towards the tryptophan-rich Trc’s (the C analogues), allowing successful extraction and
purification of these analogues with higher yields. Peptides were isolated using a series of
organic solvent extractions followed by reverse-phase high-performance liquid
chromatography (RP-HPLC). The composition of peptide extracts, identity of peptides and
purity of isolated analogues were analysed using ultra-performance liquid chromatography
linked to high-resolution electrospray ionisation mass spectrometry (UPLC-MS). Peptide
analogues of the highest purity (>90%) were used for the fabrication, biophysical and

antimicrobial characterisation of peptide-metal nanoformulations in Chapters 3 and 4.
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Table 2.1 Summary of the possible cyclodecapeptides and linear gramicidins, their
sequences, theoretical monoisotopic masses (Mr) and protonated ion m/z values in
Br. parabrevis tyrothricin extracts adapted from Vosloo et al. [7].

tlj/?gzlhdr?clig Abbr. i{:g rrta Sequence® "\I'/lr?enoorrc%?é pﬁ?r%lg% pljrlc;Lrlg (la{i
al Mr ion m/z ion m/z

A analogues (Ff)
Phenycidine A* PhcA  FA Cyclo-(fPFINQFVOL) 1253.6597 1254.6675 627.8377
Phenycidine Ar** PhcA1  FA: Cyclo-(fPFINQFVKL) 1267.6753 1268.6832 634.8455
Tyrocidine A TrcA YA Cyclo-(fPFfNQYVOL) 1269.6546 1270.6624 635.8351
Tyrocidine Ax TrcAr  YA: Cyclo-(fPFINQYVKL) 1283.6703 1284.6781 642.8430
Tryptocidine A TpcA WA Cyclo-(fPFINQWVOL) 1292.6706 1293.6784 647.3431
Tryptocidine Ar** TpcA1  WA2 Cyclo-(fPFINQWVKL) 1306.6862 1307.6941 654.3509
B analogues (Wf)
Tyrocidine B TrcB YB Cyclo-(fPWfNQYVOL) 1308.6655 1309.6733 655.3406
Tyrocidine B' TrcB' YB' Cyclo-(fPFWNQYVOL) 1308.6655 1309.6733 655.3406
Tyrocidine B TrcB: YB: Cyclo-(fPWfNQYVKL) 1322.6812 1323.6890 662.3484
Tyrocidine By TrcB:'  YBi?' Cyclo-(fPFWNQYVKL) 1322.6812 1323.6890 662.3484
Tryptocidine B TpcB  WB Cyclo-(fPWfNQWVOL) 1331.6815 1332.6893 666.8486
Tryptocidine B"™** TpcB' WB' Cyclo-(fPFWNQWVOL) 1331.6815 1332.6893 666.8486
Tryptocidine B: TpcB1  WB: Cyclo-(fPWfNQWVKL) 1345.6971 1346.7050 673.8564
Tryptocidine B1™** TpcB:' WB1Y' Cyclo-(fPFWNQWVKL) 1345.6971 1346.7050 673.8564
C analogues (Ww)
Tyrocidine C TrcC YC Cyclo-(fPWwWNQYVOL) 1347.6764 1348.6842 674.8460
Tyrocidine C1 TrcC:1 YCa Cyclo-(fPWwWNQYVKL) 1361.6921 1362.6999 681.8539
Tryptocidine C TpcC WC Cyclo-(fPWwWNQWVOL) 1370.6924 1371.7002 686.3540
Tryptocidine Ci TpcCi WC: Cyclo-(fPWwWNQWVKL) 1384.7080 1385.7159 693.3618
Linear gramicidins
Val-Gramicidin A VGA CHO-VGAIAVWWVWIWIWIW-NH(CH2).OH 1881.0783 1882.0862 941.5470
VGA minus formyl VGAYF  VGAIAVWVWIWIWIW-NH(CH2).0OH 1853.0834 1854.0913 927.5495
Val-Gramicidin B* VGB CHO-VGAIAVWVWIFIWIW-NH(CH2).OH  1842.0674 1843.0753 922.0415
VGB minus formyl**  VGBYF  VGAIAVWVWIFIWIW-NH(CH2).0OH 1814.0725 1815.0804 908.0441
Val-Gramicidin C* VGC CHO-VGAIAVWWVWIYIWIW-NH(CH2).OH  1858.0624 1859.0702 930.0390
VGC minus formyl** VGCYF VGAIAVWVWIYIWIW-NH(CH2).OH 1830.0675 1831.0753 916.0416
lle-Gramicidin A IGA CHO-IGAIAWVWIWIWIW-NH(CH2)2:O0H  1895.0940 1896.1018 948.5548
IGA minus formyl**  IGAYF  IGAIAVWVWIWIWIW-NH(CH2)-OH 1867.0991 1868.1069 934.5574
lle-Gramicidin B* IGB CHO-IGAIAVVVWIFIWIW-NH(CH2).0OH 1856.0831 1857.0909 929.0494
IGA minus formyl**  IGBYF  IGAIAVWVWIFIWIW-NH(CH2).OH 1828.0882 1829.0960 915.0519
lle-Gramicidin C* IGC CHO-IGAIAVWVWIYIWIW-NH(CH2).OH  1872.0780 1873.0858 937.0468
IGA minus formyl**  IGCYF  IGAIAVVVWIYIWIW-NH(CH2).OH 1844.0831 1845.0909 923.0494

a Abbreviations referring to the amino acid residues phenylalanine (Phc/F), tyrosine (Trc/Y) and tryptophan (Tpc/W) at

position seven.

b Amino acid sequences using conventional one-letter abbreviations as obtained from Tang et al. [1] with lower case letters
representing D-amino acids and O representing ornithine.

¢Sum of the monoisotopic

residual

9m/z of [M+H]*" and € m/z of [M+2H]?*.
*Low to extremely low levels in tyrothricin.

** Rarely detected.

molecular masses of constituent

amino acids within the peptide.
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2.2 Materials

2.2.1 Production and supplementation

The American Type Culture Collection (Manassas, VA, USA) supplied the Brevibacillus
parabrevis ATCC8185 and ATCC10068 strains used to produce the tyrothricin complex from
which the single tyrocidine peptides and their analogues were purified. The tryptone soy
broth (TSB) and agar used to prepare TSB agar plates for the culturing of Br. parabrevis
strains, were supplied by Merck (Darmstadt, Germany). The D-glucose, tryptone,
monopotassium phosphate (KH2PO4), magnesium sulphate (MgSOa), calcium chloride
(CaCly), ferric sulphate (FeSO4), manganese sulphate (MnSOa4) and sodium chloride (NaCl)
used in the preparation of TGS (tryptone, glucose and salts culturing medium) were supplied
by Merck (Darmstadt, Germany) and the potassium chloride (KCI) by Sigma-Aldrich (St
Louis, USA).

2.2.2 Extraction and purification of tyrocidines from the tyrothricin complex

The analytical grade ethanol (EtOH, >99.8 %), diethyl ether (DEE) and acetone were
supplied by Merck (Darmstadt, Germany). Methanol (MeOH) and trifluoroacetic acid (TFA,
>98 %) were supplied by Sigma-Aldrich (St Louis, USA) and acetonitrile (ACN, HPLC-grade,
far UV cut-off) by Romil Ltd (Cambridge, United Kingdom). Analytical grade water (MilliQ
H20) was prepared by filtering water using a reverse osmosis plant through a Millipore-Q®
water purification system (Milford, USA). MilliQ water was used in all solvents and media
preparations. Lurgi (Frankfurt, Germany) supplied activated carbon and Sigma-Aldrich (St
Louis, USA) commercial tyrothricin extract and phosphorous pentoxide. Merck-Millipore
(Massachusetts, USA) supplied mixed cellulose syringe filters (0.22 um). Falcon® tubes and
Petri dishes were purchased from Becton Dickson Labware (Lincoln Park, USA) and Lasec
(Cape Town, South Africa), respectively. The Nova-Pak HR Ci1s RP-HPLC semi-preparative
column (6 pum particle size, 300 mm x 7.8 mm), Cis Nova-Pak® analytical RP-HPLC column
(5 pm particle size, 150 mm x 3.9 mm) and Acquity HSS T3 (2.1x150 mm; 1.8 uym patrticle
size) ultra-performance liquid chromatography (UPLC) column was purchased from Waters
(Milford, USA).
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2.3 Methods

2.3.1 Production of tyrothricin complex from Br. parabrevis

The producer strains Br. parabrevis ATCC8185 and ATCC10068 were plated from freezer
stocks onto TSB agar plates (30 g/L TSB and 1.5 % m/v agar) using standard sterile
techniques and incubated at 37°C for 48 hours. Fast-growing brown colonies from the
Br. parabrevis pre-culture plates were selected, re-plated onto fresh TSB plates, and
incubated at 37°C for 48 hours. Overnight cultures were prepared by inoculating 20 mL TSB
media with a single well-defined colony from each Br. parabrevis culture agar plates and
incubated at 37°C on a shaker (150 rpm) for 24 hours. Overnight cultures were sub-cultured
into 200 mL of either supplemented or unsupplemented TGS culture media (Table 2.2) and
incubated at 37 °C for 24 hours for 10 days.

Table 2.2 Summary of amino acid supplemented Br. parabrevis cultures and respective
productions

Supplementation

Cultu_re Prod.2 Amino ACI.d Culture concentration Abbrev.P
Organism Supplemention Number
(mM)
Br. parabrevis 1 Unsupplemented 1 - P1U
ATCC10068 Tryptophan 1 20 P1W
Unsupplemented 1 - P2U-1,
2 - P2U-2
Br. parabrevis 5 Tryptophan 1 10 P2W-1
ATCC10068 2 10 P2W-2
Phenylalanine 1 10 P2F-1,
2 10 P2F-2
_ Unsupplemented 1 - P3U
Br. parabrevis 3 Tryptophan 1 10 P3W
ATCC8185 .
Phenylalanine 1 10 P3F

aProduction set of Br. parabrevis cultures are grown from different colonies of the same culture plate
(cultured under the same conditions).
® Abbreviations of production (P) number (1,2 or 3) and culture number (-1 or -2).

Peptide production by Br. parabrevis proceeded as described by Vosloo et al. [7,13]. The
optimized culture method is currently protected under a non-disclosure agreement (NDA)
with BIOPEP™ and Stellenbosch University. For the first production series, a Br. parabrevis
ATCC10068 medium was supplemented with 20 mM Trp (P1W). For the second production
series, a Br. parabrevis ATCC10068 medium was supplemented with 10 mM Trp (P2W).
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For the third production series, a Br. parabrevis ATCC8185 medium was supplemented with
either 10 mM Phe (P3F) or 10 mM Trp (P3W). All three supplementations were performed
in duplicate for the second and third production series. After the 10-day incubation period,
the supplemented cultures for all productions were subjected to a series of extraction and
precipitation steps as described below to obtain a production crude extract containing a

complex mixture of tyrocidines and analogues.

2.3.2 Extraction of cyclodecapeptides from the tyrothricin complex

The details of the optimized extraction and purification method were developed by
BIOPEP™ (Stellenbosch, South Africa) and are currently protected under a non-disclosure
agreement (NDA). Briefly, peptides were extracted from supplemented Br. parabrevis
cultures via acidification and centrifuged for 10 minutes at 10 621 xg to obtain the culture
biomass. The culture pellets were subsequently subjected to a series of organic solvent
extraction and precipitation steps followed by carbon treatments. The resulting crude peptide
extract was subjected to a series of ether: acetone (3:2 v/v) washing and centrifugation (5-
10 minutes at 3030 xQ) steps.to remove linear gramicidins. Thereafter, the crude production
extracts were dried under N2 gas flow. Dried crude production extract pellets were
resuspended in ACN: water (1:1 v/v), transferred to a pyrolyzed and analytically weighed 20
mL vial and subsequently lyophilisation for further purification and analysis. Commercial
tyrothricin was also subjected to a series of ether: acetone (3:2 v/v) washing and
centrifugation (5-10 minutes at 3030xg) steps to remove linear gramicidins in the
supernatant and purify a tyrocidine mixture (Trc mix). The Trc mix extract in the pellet was
dried under N2z gas flow. Thereafter the dried Trc Mix pellet was resuspended in ACN:water
(1:1 v/v), transferred to a pyrolyzed and analytically weighed 20 mL vial and subsequently
lyophilised for further purification and analysis. The dried mass (mg) and peptide

composition of the crude production and Trc mix extracts are summarised in Table 2.6.

2.3.3 Semi-preparative HPLC purification of the cyclodecapeptides from crude
peptide extracts

The crude production extracts were prepared to a concentration of 10 mg/mL in 50%
ACN:water (v/v) and purified using an established semi-preparative reverse-phase high-
performance liquid chromatography (RP-HPLC) method previously described by
Rautenbach et al. [14] and Eyéghé-Bickong [15]. The 10 mg/mL crude peptide preparation

was injected onto a Nova-Pak HR Cis semi-preparative HPLC column with injection volumes
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of 100 pL. The chromatography system was controlled by Millenium 32 software (Waters,
Milford, USA) and consisted of a Waters 6000A pump, Waters 510 pump and a Waters 440
absorbance detector (set at 254 nm). The column temperature was set at 35°C and a set
gradient programme (Table 2.3) was used at a flow rate of 3 mL/min. Eluent A consisted of
0.1 % (v/v) TFA in analytical quality water and eluent B of 10 % (v/v) eluent A in ACN. HPLC
fractions were collected as shown in Fig. 2.3 then transferred into weighed and pyrolyzed

20 mL vials, lyophilised and stored at room temperature.

Table 2.3 Semi-preparative HPLC purification non-linear gradient program.

Minutes % Eluent A % Eluent B Curve*
0.0 50 50 -
0.5 50 50 linear (6)
23.0 20 80 non-linear (5)
24.0 0 100 -
26.0 0 100 -
30.0 50 50 linear (6)
35.0 50 50 -

*Curves from Waters™ gradient programmes.

2.3.4 Characterisation of crude peptide extracts and purified
cyclodecapeptides with ESI-MS and UPLC-MS analysis

Electrospray ionisation mass spectrometry (ESI-MS) and UPLC linked MS (UPLC-MS) were
used to identify the peptides present within the HPLC-purified peptide fractions and the
crude production extracts. The samples were resuspended in 50% ACN in water (v/v) and
subsequently centrifuged at 10 621xg for 10 minutes to remove any particulate material.
Crude production extracts were prepared to a concentration of 500 pg/mL and HPLC purified
fractions to a concentration of 250 pg/mL. For direct injection ESI-MS analysis, 2 or 3 uL of
the sample was injected and analysed using Waters Synapt G2 quadrupole TOF mass
spectrometer (Milford, MA, USA) with an electrospray source at a capillary voltage of 2.5-
3 kV and cone voltage of 15 V. The desolvation temperature was 275 °C and nitrogen was
used as a desolvation gas at 650 L/hour. Data acquisition was performed in the continuum
positive mode (ES+) scanning over an m/z range of 300-2000. For UPLC-MS analysis 2 uL
of the sample was injected into a Waters Synapt G2 quadrupole time-of-flight (TOF) mass
spectrometer connected to a Waters Acquity UPLC® and Acquity photodiode array detector.
The Waters Acquity UPLC® HSS T3 column (2.1 x 150 mm; 1.8 ym particle size) had a
minimum and maximum column temperature of 45°C and 60°C, respectively. Peptides were

eluted using a linear gradient program (Table 2.4) with solvent A (1 % formic acid (v/v) in
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water) and solvent B (1 % formic acid (v/v) in ACN) at a flow rate of 0.3 mL/min. The eluted
peptide was then analysed using Waters Synapt G2 quadrupole TOF mass spectrometer
(Milford, MA, USA) with an electrospray source at a capillary voltage of 2.5-3 kV and cone
voltage of 15 V. The desolvation temperature was 275 °C and nitrogen was used as a
desolvation gas at 650 L/hour. Data acquisition was performed in the positive mode (ES+)

scanning over an m/z range of 300-2000 (same as direct injection ESI-MS analysis).

Table 2.4 UPLC-MS linear gradient program

Minutes % Eluent A % Eluent B Curve*

0.0 100 0 -

0.5 100 0 -

1.0 70 30 linear (6)
10.0 40 60 linear (6)
15.0 20 80 linear (6)
15.1 0 100 linear (6)
18.0 100 0 linear (6)

*Curves are from Waters™ gradient programmes.

All samples were analysed and characterised further using Waters MassLynx V4.1 software
(Milford, USA). The integrity and identity of peptides in each crude production extract and
HPLC purified fraction was determined using the m/z values of the high-resolution ESI-MS
in combination with the calculated monoisotopic M, (using MaxEnt 3 algorithm of Waters

MassLynx V4.1 software) and assessed using parts per million (ppm) mass error:

Mr (theoretical) — Mr(experimental) Equation 2.1
- x10°
Mr (theoretical)

ppm =

The estimated contribution (%) of each peptide peak signal to the total % signal intensity of
the sample was analysed using ESI-MS mass spectrum derived via MassLynx 4.01 MaxEnt
3 algorithm and calculated as follows:

Signal Intensity of Peak Equation 2.2

Contributi 0/ — X100
ontribution (%) Y Peak Signal Intensities

The relative percentage purity (%) of each peptide in selected samples was calculated from
the peak area obtained from UPLC-MS:
Area Under Curve for Single Peak Equation 2.3

Purity (%) — x 100
urity (%) Y. Area Under Curves
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2.3.5 Cleaning of Nova-Pak HR Cis semi-preparative HPLC column

The Nova-Pak HR Cis semi-preparative HPLC column was cleaned after the purification of
crude peptide extracts. The solvents used in each cleaning step are summarised in Table
2.5, Eluent A and B are always used to prime the pumps before cleaning the column. For
the first cleaning step (1) the column was washed for 10 minutes at a gradient of 50 % (v/v)
eluent A in eluent B. Thereafter, the column was treated with three DMSO or DMF injections,
each with an injection volume of 100 puL and a minimum of 10 minutes (step 2). For the third
cleaning step (3) the column was washed with 100 % Eluent B with a flow rate of 3 mL/min
for 15 minutes. The column was subsequently washed with 100 % MeOH (step 4) with a
flow rate of 3 mL/min for 30 minutes. Thereafter, the column was washed at a gradient of
50 % (v/v) MeOH in IPA with a flow rate of 1.5 mL/min for 15 minutes (step 5). The column
was washed again with 100 % MeOH at a flow rate of 3 mL/min for 15 minutes (step 6)

followed by a final wash step with 100 % eluent B for 15 minutes at 3 mL/min (step 7).

Table 2.5 Summary of solvents and steps for regeneration of Nova-Pak HR Cis semi-
preparative HPLC columns.

Molecular . Cleanin
Acronym Solvent Name % Composition g
Formula Step

0.1 % (viv) TFA
EluentA HPLC Eluent A - in Milli-Q water* !

10 % (v/v) Eluent A

Eluent B HPLC Eluent B = in ACN* 1,3&7
DMSO Dimethyl sulfoxide (CHs3)2S0O 100% Analytical Grade 2
DMF Dimethylformamide (CH3)2NC(O)H  100% Analytical Grade 2
MeOH Methanol CHsOH 100% Analytical Grade 2,4 ,5&6
IPA Isopropyl alcohol C3HsO 100% Analytical Grade 5

* Filtered using 0.45um cellulose filter then degassed and sonicated for 10 minutes.

2.4 Results and Discussion
2.4.1 Production and characterisation of tyrothricin complex from
supplemented Br. parabrevis cultures

For this study, the culture media of Br. parabrevis ATCC8185 and ATCC10068 was either

unsupplemented or supplemented with tryptophan and phenylalanine to encourage the
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production of Trp-rich and Phe-rich cyclodecapeptides, respectively. Trp and Phe were used
for the amino acid supplemented cultures at a final concentration of either 20 mM or 10 mM
as summarised in Table 2.2. All cultures were incubated at 37°C as stationary cultures for
10 days. Thereafter, the cultures were subjected to a series of organic solvent extractions,
precipitation steps, carbon treatments and ether-acetone washing steps to yield a crude
production extract. Production crude extracts are abbreviated as denoted in Table 2.2 and
will be referred to as such for the remainder of this study. To determine the peptide
composition and to confirm the successful production of the peptides of interest in the culture
extracts samples were analysed with direct injection ESI-MS. Examples of the mass spectra
derived via MassLynx 4.01 MaxEnt 3 algorithm for six of the crude production extract
samples are shown in Fig. 2.1. The peptide profiles of phenylalanine supplemented extracts
are not shown but are summarised in Table 2.6 (see discussion below) and illustrated in
Fig. S2.1 (supplementary data).

The ESI-MS spectra show that the productions yielded both cyclodecapeptides and linear
gramicidins. Both P2W and P2U crude extracts are nearly void of linear gramicidins, yet
P1W and P1U extracts had a higher prevalence of linear gramicidins. The peptide identity
and percentage contribution of the most predominant peptides in each production extract
were determined via UPLC-MS and summarised in Table 2.6. A putative identification of the
compound with m/z = 1854.08 was proposed as a Val-Gramicidin A analogue without a
formyl capping group on the N-terminal (VGAYF). This compound contributes 4.8 % and
1.2 % to the total signal intensity of P1U and P1W, respectively. Interestingly, VGA as
denoted in Table 2.1, occurs in relatively low levels of tyrothricin produced by the
Br. parabrevis strains used in this study, as seen in Table 2. Although higher prevalence of
the tryptophan-rich VGA is expected with tryptophan media supplementation [7]. The higher
contribution of the putative modified gramicidin to the MS signal in production one is
indicative of aberrated tyrothricin production by the Br. parabrevis ATCC10068 cultures.
Both production one and two used the same strain (Br. parabrevis ATCC10068), grown
under the same conditions and extracted using the same extraction methods. The modified
VGAUF was present in both the supplemented and unsupplemented extracts of production
one but near absent (£ 0.3 % contribution) in production two. Moreover, production three
with Br. parabrevis ATCC8185 culture extracts was near void of VGAYF (0.3 %
contribution). Since the colonies used in each production series were collected from the
same specified starter culture (see Table 2.2), the production of VGAYF could potentially be

attributed to the selection of the modified colonies in production one. This is further
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supported by the lowered biomass of the crude extracts from production one compared to
that of production two (refer to the discussion below), suggesting the non-classical

production of tyrothricin from cultures of Br. parabrevis ATCC8185 colonies in the first

production series.
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Figure 2.1 ESI-MS mass spectra derived via MassLynx 4.01 MaxEnt 3 algorithm of crude
production extracts with mass in Da on the x-axis (mass) and percentage signal intensity on
the y-axis (%). The cyclodecapeptides are highlighted in blue and the linear gramicidins in
green. The singly charged peptide masses are annotated on the spectra with the peptide
identity of the most predominant peptide analogues indicated. A putative identification of a
modified linear gramicidin (m/z = 1854.08) was annotated as VGAYF. Peptides with sodium

adducts are annotated denoted with an Asterix (peptide?*).

The milligram crude peptide extract yield per 200 mL culture vari.ed across the three
productions. For the first production, the 20 mM Trp supplemented Br. parabrevis
ATCC10068 (P1W) culture extract yielded only 29.9 mg of lyophilised crude extract per

200 mL culture and the unsupplemented culture (P1U) yielded 20.2 mg. However, the
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second production unsupplemented Br. parabrevis ATCC10068 cultures had a higher yield
of 301.7 mg and 276.9 mg crude extract for P2U-1 and P2U-2, respectively. Moreover, the
first (P2W-1) and second (P2W-2) 10 mM Trp supplemented cultures also had a higher yield
of 137.6 mg and 168.3 mg, respectively. Interestingly, for the third production series with
Br. parabrevis ATCC8185, the yield per 200 mL culture for unsupplemented (P3U) and Trp
supplemented (P3W) cultures dropped to 38.3 mg and 109.8 mg, respectively. Conversely
the Phe supplemented media cultures yielded less crude than the tryptophan and
unsupplemented cultures with 111.5 mg and 123.0 mg for production two (P2F-2 and P2F-
2), and production three (P3F) yielded a higher crude extract mass than both P3U and P3W
with 175.9 mg and 152.7 mg, respectively.

The variation in crude extract mass across productions and media supplementations
emphasises the complexity and importance of maintaining optimal culturing conditions for
peptide production. As mentioned above, a multitude of factors influence the production rate,
yield, and peptide profile. It was observed in this study that higher Trp supplementation
concentration and greater production yield were not directly corelated. Trp can be toxic at
high concentrations and could therefore lead to a decrease in production biomass [7,16].
Nonetheless, the production profile successfully shifted the % contribution of TpcC and TrcC
indicating the more Trp-rich analogues were produced compared to the unsupplemented
cultures. Work by Vosloo et al. [6,7,13] and Borragerio, C [unpublished] reported differences
in peptide profiles even between producer strains alone. This indicated that variances in
Trcs and Grms production, observed between producer strains in the absence of amino acid
supplementation, are strongly influenced by the regulation of Phe and/or Trp availability,
among other factors [5,6,16,17]. The increased crude extract mass in this study could
therefore be influenced by the producer strain, colony selection and culture conditions: not
only the amino acid supplementation and its concentration. However, the influence of amino
acid supplementation on the production profile of the Br. parabrevis cultures is not to be
dismissed. Prompted by the clear differences in peptide composition and yields between the
different productions, the culture extracts were characterized in more detail using UPLC-MS
(see Fig. 2.2). Fig. 2.2 illustrates the UPLC-MS chromatograms for the unsupplemented and
tryptophan supplemented crude extracts of the three productions. The phenylalanine
supplemented productions are summarised in Fig. S2.2. The UPLC-MS solvent gradient
(Table 2.4) programs used in this study allow for the elution of the hydrophilic analogues
first followed by the more hydrophobic peptides. The hydrophobicity of each peptide

analogue depends on the position and identity of its aromatic amino acid residues (position
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3, 4, and 7) as shown in Table 2.1 and Fig. 1.6 in Chapter 1. The amphipathic nature of the
aromatic amino acids Trp and Tyr allows the tyrocidines and tryptocidines to elute earlier
than the phenycidines (Phcs) with hydrophobic Phe residues in positions 3, 4 and 7.
According to the amino acid sequences summarised in Table 2.1 and previous results from
the BIOPEP Peptide Group [7,14,15,18-20] the elution sequence of the major peptides in
this study was found to be as expected: C analogues > B analogues > A analogues > linear
gramicidins.
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Figure 2.2 Shifts in UPLC elution profiles of crude production extracts after amino acid
supplementation of Br. parabrevis culture mediums. Unsupplemented (A) and tryptophan
supplemented (B) productions were plotted separately with production one (P1) in blue, two
(P2) in green and three (P3) in red. The approximate retention time range of each respective
peptide analogue (A/Ai1, B/B1 and C/Ci) as denoted in Table 2.1 is indicated with dotted
lines. Unknown peptide elution is indicated at WBiwunkwn)y as shown in Table 2.6
(WB1+uknwn).
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The UPLC chromatograms of the crude extracts in Fig. 2.2 follow the expected elution profile
across each production and supplementation. Moreover, the peptide elution profile remains
conserved for each supplementation across the three productions. The culture
supplementation with Trp shifts the production profile to favour the tryptocidine C/Ci
analogues which elute at a retention time range of 10.30 minutes to 10.56 minutes. Although
the characteristic cyclodecapeptide elution sequence is mostly maintained in the
experimental results of this study, it is important to note that the co-elution of peptides
analogues (even in the case of high-resolution UPLC) is common and can be expected due
to the structural similarities between peptides and their tendency to aggregate into higher-
order structures [1,5,9,10,21]. For this reason, the percentage contribution (Equation 2.2)
was calculated, using the signal contribution of each peptide’s extracted doubly charged
monomer ion [M+2H]?* profile, and used to deduce the peptide composition of all extracts.
The identity of the predominant peptides was confirmed by m/z extraction at 20 ppm error
and comparison of the extracted peptide ion peak retention time with that of the known
analogue in Trc mix. The ESI-MS spectrum within each chromatographic peak was also
used to confirm the identity of the peptide in terms of accurate mass (results not shown).
From Table 2.6 it can also be noted that the solvent extraction of commercial tyrothricin
yielded 20.5 mg of purified tyrocidine peptide mixture (Trc mix) of 96% purity as determined
by Equation 2.3. Example UPLC-MS profiles with the extracted peptide peaks are
summarised in Figs. S2.3 and S2.4 (supplementary data). A summary of the normalised
UPLC-MS signal contributions is also summarised in Table S2.1 in supplementary data.

As shown in the heat map data presented in Table 2.6 the lower Trp supplementation
concentration does not adversely influence the peptide production profile. Both Trp-
supplemented cultures from production one and two successfully shifted the production
profile to favour the production of Trp-rich C analogues, particularly tryptocidine WC/C..
However, the UPLC-MS chromatogram in Fig. 2.2 showed an overall increase in the
normalised UPLC-MS signal for P2W-1 and P3W indicating a higher abundance of Trp-rich
peptides in these crude extracts compared to that of the first production. This is
complemented by the signal contribution of the tryptocidine C analogues for these
productions (refer to Table S2.1). The increased UPLC-MS signal for the second major peak
(Rt = 10.55) is of particular interest as this is where the tryptophan-rich tryptocidine C
analogues (WC and WCa) are expected to elute [7,18,22].
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Table 2.6. Heat map summary of peptide contributions in the crude production extracts to the ESI-MS signal utilising UPLC-MS. The mg
yield is that of the crude extract. Peptide identity (ID) was derived from correlating the doubly charged monomer [M+2H]?* ions in tyrothricin
complex (20 ppm error) in extracted chromatograms with that of peptide ions in the standard commercial tyrocidine mixture. The absolute
peptide signal of the doubly changed ion was used to calculate the % signal contribution in each extract and depicted as a heat map with
blue the lowest contribution and red the highest contribution in each extract. Refer to supplementary data (Table S2.1) for the absolute
signal intensities of each peptide in the extracts.

Peptide ID _|Rt (minutes)| Tremix | P1U | P2u-1 | P2u-2 | P3U | P2F-1 | P2F-2 | P3F-1 | P3F-2 | PIW | P2W-1 | P2W-2 | P3W
WA, 12.04 0.7 48 1.3 1.2 2.5 2.6
WA 12.12 1.0 1.9 1.7 1.8 7.2 6.3 5.4 5.5 5.1
YA, 11.59 9.2 1.8 1.4 13 | 154 | 119 | 100 | 7.8 8.9
YA 11.69 9.3 7.2 7.8 74 | 271 189 | 139
FA, 11.98 20 | 40 3.9
FA 12.09 47 | 210 | 216 | 09 1.1
WB_+unkwn |  11.12 1.3 1.0 1.2 1.1 2.6 3.0 3.6 1.1 14 | 07 1.8
WB 11.20 4.0 7.4 7.8 8.5 5.7 1.5 1.4 95 | 107 | 86 8.5 55 | 103
YB, 1062 | 142 | 45 45 5.1 8.9 0.8 0.7 | 113 | 115
YB 1071 | 132 | 112 | 129 | 142 | 96 | 44 39 | 139 | 135 | 14 1.0 09 | 06
wC, 10.49 2.7 4.1 43 4.2 1.1 4.1 51 | 176 | 237 | 191 | 334
WC 10.55 43 | 125 | 134 | 140 | 1.2 0.8 0.7 5.8 63 | 429 | 395 | 438 | 436 |
Yc, 1005 | 115 | 58 6.8 5.9 1.1 3.7 43 3.1 3.3 2.1 1.1
YC 1010 | 244 | 249 | 207 | 297 | 33 1.4 1.3 7.8 91 | 153 | 123 | 116 | 55
IGC 14.37
IGB 11.74 26 | 08 0.7
IGA 14.67 1.5 0.8 0.8 0.9 1.0 | 06 1.4 1.5 27 | 06
VGC 13.25 06 | 05
VGB 15.31 0.7
vGA”" 11.75 4.8 1.3 1.2
VGA 14.22 1.9 67 | 45 4.4 3.0 1.9 1.2 3.1 2.6 5.3 79 | 123 | 22
Yield (mg) 205 | 202 | 3017 | 2769 | 383 | 1115 | 1230 | 1759 | 1527 | 299 | 1376 | 168.3 | 109.8
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The combined contribution of WC and WCi is 60.5 % to the total signal intensity of P1W.
For the first and second cultures of tryptophan supplemented production two, P2W-1 and
P2W-2, the combined contribution of tryptocidine C analogues was 63.2 % and 62.9 % to
the total signal intensity, respectively. While P3W had a combined contribution of 77% for
WC and WCa. This increase in abundance of tryptocidines in the second and third production
is supported by the increase in signal observed for the P3W and P2W UPLC
chromatograms. Unsupplemented productions showed a much lower abundance of WC
compared to that of the tryptophan supplemented productions as can be seen in the
heatmap summary (Table 2.6). The major cyclodecapeptides in the unsupplemented
productions were YC and YB, as denoted in Table 2.6. After confirming the successful shifts
in production profiles and determining the peptide composition of the crude extracts via ESI-
MS and UPLC-MS, the extracts were purified using HPLC.

2.4.2 Semi-preparative RP-HPLC purification of the cyclodecapeptides from
crude peptide extracts

RP-HPLC is a powerful tool for the isolation of hydrophobic Trcs from the production of crude
extracts [23]. However, the co-elution of and low resolution between Trc analogues makes
the HPLC purification of single analogues challenging [1,5,9,10,21]. The absorbance of UV-
light above 250 nm by the aromatic amino acids and the prevalence of these aromatic
residues in the tyrothricin complex allows for the quantitative analysis and purification of the
crude peptide extracts via HPLC [6,15,24]. The semi-preparative HPLC chromatograms in
Fig. 2.3 show the shift in both the retention time and absorbance at 254 nm for the different
crude production extracts. These shifts in elution profiles correlate to the UPLC-MS
chromatograms in Fig. 2.2 and indicate a shift in the peptide production profile between the
different Br. parabrevis cultures and different supplemented media. A decrease in
absorbance indicates a decreased abundance of peptides and a shift in retention time
indicates the presence of different peptide analogues and probably oligomers. Fig. 2.3
shows the fraction collection profiles of each production and their respective retention time
ranges for the purification of the different peptide analogues. All samples were subject to the
gradient program described in Table 2.3 over 20 minutes with 15 minutes washing and re-

equilibration and absorbance was measured at 254 nm.
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Absorbance at 254nm
Absorbance at 254nm

5 10 15 20
Retention Time (minutes) Retention Time (minutes)
¢ Supplementation
Unsupplemented Tryptophan
Fraction? colour Rtg Rt; Rtg Rt;

1 6.11 7.48 6.11 7.48
2 7.54 8.09 7.54 8.53
3 8.14 9.19 8.58 9.24
4 9.24 9.63 9.30 9.79
5 9.68 10.18 9.85 11.11
6 10.23 11.17 11.17 12.43
7 11.22 11.88 12.49 12.98
8 11.94 12.43 13.04 13.37
9 12.49 13.75 13.42 14.14
10 13.81 14.58 14.47 14.25
11 14.63 15.40

12 15.35 16.94

Figure 2.3. HPLC fraction collection profiles of respective supplementations from production
two.(A) Unsupplemented productions HPLC fraction collection profile (B) Tryptophan
supplemented productions HPLC fraction collection profile. (C) Table summarising each
HPLC fraction and their respective retention time ranges at which collection starts (Rts) and
finished (Rtr). Each fraction collection is highlighted by a different colour and numbered
consecutively, starting from the first fraction (F1) collected highlighted in beige, F2 in red,
F3 in orange, F4 in yellow, F5 in light green, F6 in dark green, F7 in cyan, F8 in light blue,
F9 in dark blue, F10 in purple, F11 in pink and F12 in magenta. Absorbance was measured
at 254 nm over 35 minutes with a gradient program described in Table 2.3. 2 HPLC fraction
collection.

The general elution sequence of the major peptides across each production was in
accordance with what was predicted previously and by the BIOPEP group [7,14,15,18-20]
by UPLC-MS analyses and peptide amino acid structures and is as follows: YC1/C > WC1/C
> YB1/B > WB1/B> YA1/A > linear gramicidins. The collection Rt ranges for each fraction
were therefore selected in agreement with the expected peptide elution profiles for each

production as determined via UPLC-MS (Fig. S2.2). Tables 2.7-2.9 summarises the
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proposed peptide identity (ID) and signal contribution, as determined by ESI-MS analysis,
of each of the HPLC fractions purified from the production crude extracts.
Table 2.7 Summary of the proposed peptide identity (ID) and signal contribution as

determined by ESI-MS analysis of each of the HPLC fractions purified from the
unsupplemented production one crude extract.

. _ _ Mass Signal _
Medium Frac.b Mass Experimental Theoretical Error®  Contrib.® Peptide
Suppl.2 (mg)° M [M+H]* M [M+H]* : IDf
(Ppm) (%)

1 0.608 1362.6882 1362.6999 8.6 15.8 YC1

5 1959 1362.6924 1362.6999 55 33.6 YCi1

1348.6813 1348.6842 2.2 30.5 YC

3 1.938 1348.6813 1348.6842 2.2 59.9 YC

1349.6818 1349.6683 10.0 10.4 YCP

4 133 1348.6813 1348.6842 2.2 19.5 YC

1323.6850 1323.6890 3.0 15.8 YB:

5 07 1309.6650 1309.6733 6.3 44.9 YB

1323.6812 1323.6890 5.9 23.0 YB:1

o 2 6 2.257 1309.6680 1309.6733 4.0 48.4 YB
s ‘ch 1309.6656 1309.6733 5.9 33.0 YB
5 GE) 7 1.924 1338.6831 1338.6761 5.2 11.6 YB,°
a3 e 1371.6927 1371.7002 5.5 17.0 WC
g é 3 0.909 1371.6927 1371.7002 55 28.0 wcC
) ' 1400.7073 1400.7030 3.1 10.5 WC,°

9 0.803 1270.6534 1270.6624 7.1 36.6 YA

1271.6620 1271.6465 12.2 13.3 YAP

10 0.792 1270.6525 1270.6624 7.8 43.3 YA

1332.6838 1332.6893 4.1 19.8 YB

1270.6549 1270.6624 5.9 28.0 YA

11 0.914 1299.6716 1299.6652 4.9 18.1 YA°

1332.6798 1332.6893 7.1 10.3 WB

12 1101 1270.6735 1270.6624 8.7 14.5 YA

1309.6843 1309.6733 8.4 10.6 YB

a Amino acid supplementation of Br. parabrevis cultures as described in Table 2.2.

bHPLC fraction numbers as outlined in Fig. 2.3.

¢lyophilised fraction sample mass.

dParts per million error or ppm errors calculated as per Equation 2.1.

¢ Percentage contribution calculated using Equation 2.2. Only percentages >5 % are reported in Table 2.7.

f Peptide modifications indicated as follows: Deamination (peptideP), oxidised (peptide®), linear sodium
adduct, (peptide®) and single amino acid substitution (peptide?).

Looking at the HPLC collection profile in Fig. 2.3 it can be expected that fractions
2,3,4,6,7,8,9,10 and 11 would yield more peptide for all productions as they are collected
across the Rt ranges for the two major elution peaks (Table 2.7). For the unsupplemented
production, the total mass (mg) of peptide collected in fractions 2,3,4,6,7,8,10 and 11 is
higher than that of fractions 1,5,9 and 12 (Table 2.7). The highest yield of peptide in P1U

was in fraction 6 (2.257 mg) consisting predominantly of YB (48.4 %). The fraction with the
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highest percentage of WC for P1U is fraction 8 (28.0 %). Meanwhile fraction 3 had the
highest prevalence of YC (59.9 %) with its major contaminant probably being a deaminated
YC (10.4 %).

Table 2.8 Summary of the proposed peptide identity (ID) and signal contribution as

determined by ESI-MS analysis of each of the HPLC fractions purified from the tryptophan
supplemented production one crude extract.

Medi _ _ Mass Signal .
edIUZI Frac” Masi Eﬁﬁeguzﬁpfal ﬁae?&imf?l ror’  Contrib © PeﬂSFe
Suppl. (mg) r [M+H] r [M+H] (ppm) (%)

1 0.518 1362.6882 1362.6999 8.6 12.0 YC1

1349.6816 1349.6683 9.9 314 YCP

2 2.017 1362.6882 1362.6999 8.6 15.5 YC1

1348.7242 1348.7478 17.5 12.9 YC

3 1154 1348.6813 1348.6842 2.2 21.2 YC
1377.6957 1377.6870 6.3 11.6 YC1°

c 4 0.705 1309.6667 1309.6733 5.1 25.2 YB

- 8 1385.7008 1385.7159  10.9 12.4 WC:

5 g 1371.6927  1371.7002 55 40.9 WC

= =% 5 1.050

o E 1385.7020 1385.7159  10.0 23.5 WC:

g s 6 5.784 1371.6927 1371.7002 55 54.4 WC

Q 5 1371.6927 1371.7002 55 29.1 WC
7 2.083 1400.7073 1400.7030 3.1 20.3 WC.°

1332.6823 1332.6893 53 16.0 WB

3 0.782 1332.6755 1332.6893 104 36.5 WB

1270.6602 1270.6624 1.8 15.2 YA

9 0.982 1293.6785 1293.6784 0.1 19.7 WA

10 0.350 1332.6794 1332.6893 7.4 28.0 WB

11 0.950 1371.6927 1371.7002 55 27.5 WC

a Amino acid supplementation of Br. parabrevis cultures as described in Table 2.2.
bHPLC fraction numbers as outlined in Fig.2.3.

¢lyophilised fraction sample mass.

d Parts per million error or ppm errors calculated as per Equation 2.1.

¢ Percentage contribution calculated using Equation 2.2. Only percentages >5 % are reported in Table 2.8.

f Peptide modifications indicated as follows: Deamination (peptideP), oxidised (peptide®), linear sodium
adduct, (peptide®) and single amino acid substitution (peptide?)

For the tryptophan supplemented productions, the expected fractions with the highest
amount of peptide eluted are fractions 6 and 7 (Tables 2.8 and 2.9). For P1W (Table 2.8)
fraction 6 and 7 yielded 5.784 mg and 2.083 mg, respectively. For P2W (Table 2.9) fraction
6 and 7 yielded 2.31 mg and 6.36 mg, respectively. The highest yield of WC for P1W was

fraction 6 with 54.4 % contribution with no contaminants above >5 % contribution. Fraction
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5 also had a high tryptocidine contribution of 40.9 % WC and 23.5 % WC1 contribution.
Fractions two and three had the highest contribution of tyrocidine C’s. Unfortunately, both
fractions were contaminated with modified YC analogues, that were putatively identified as
deaminated YC (31.4%) and oxidised YC1 (11.6%). Meanwhile, the combined contribution
of tyrocidine C analogues remains high with 59.9% for fraction 2 and 32.9% for fraction 3.

Table 2.9 Summary of the proposed peptide identity (ID) and signal contribution as

determined by ESI-MS analysis of each of the HPLC fractions purified from the tryptophan
supplemented production two crude extracts.

Mediurr; Frac.b Massc ExperimenEaI Theoretic?l glr?grsd C(S)Ir?trr]i?:)l.e Peptide
Suppl. (mg) M, [M+H] M, [M+H] (ppm) (%) ID
1 0.521  1362.6886 1362.6999 8.3 12.0 YC:
1348.6813 1348.6842 2.2 39.6 YC
2 0.91 1362.6884 1362.6999 8.4 23.9 YCi1
3 1.187  1348.6812 1348.6842 2.3 47.0 YC
4 0.776  1348.6813 1348.6842 2.2 11.0 YC
1371.6927 1371.7002 5.5 31.3 wcC
= 5 2.12 1385.7013 1385.7159  10.5 27.2 WC,
‘; = 1309.6638 1309.6733 7.3 14.0 YB
2 % 5 2231 1371.6927 1371.7002 5.5 45.1 wcC
é E ' 1385.6998 1385.7159  11.6 28.3 YC
o = 1371.6927 1371.7002 5.5 69.9 wcC
o § ! 6.356 1385.7062 1385.7159 7.0 13.9 WC,
1371.6927 1371.7002 5.5 37.6 wcC
8 1419  1332.6820 1332.6893 5.5 14.4 WB
1378.6963 1378.6836 9.2 11.2 YA®
9 0.504  1332.6761 1332.6893 9.9 58.0 YB
10 0.709 1332.6874 1332.6893 1.4 25.9 YB
1387.6908 1387.6689  15.8 16.0 YC*®
11 1.851 1371.6927 1371.7002 55 35.1 YC

a2 Amino acid supplementation of Br. parabrevis cultures as described in Table 2.2.

bHPLC fraction numbers as outlined in Fig. 2.3.
¢ lyophilised fraction sample mass.

d Parts per million error or ppm errors calculated as per Equation 2.1.

¢ Percentage contribution calculated using Equation 2.2. Only percentages >5 % are reported in Table 2.9.

f Peptide modifications indicated as follows: Deamination (peptideP), oxidised (peptide®), linear sodium
adduct, (peptide®) and single amino acid substitution (peptide?).

P2W had the highest yield across all productions with fraction 7 (6.36 mg) consisting of
69.9 % WC and 13.9% WCa. Fraction 8 is contaminated with an unknown peptide that has
been putatively identified as a modified single amino acid substitution of YA (YA?). Both
fractions 2 and 9 had no contaminants above >5 % contribution, therefore, making them the

fractions with the highest YC and YB purity, respectively. The structural similarity between
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the peptide analogues and their tendency to aggregate and/or form hetero- and homo-
oligomers causes them to co-elute making the isolation of single analogues [9,10] from
HPLC purified fractions particularly challenging and laborious. Although the direct injection
ESI-MS analysis gives a good indication of the peptide composition, UPLC-MS analysis is
required to accurately determine the peptide purity. Fractions predominantly containing C
analogues (YC/Ci and WC/Ci1) with a percentage contribution larger than 30 % were
therefore selected for further analysis using UPLC-MS to determine their percentage purity.
Fraction 3 yielded 1.19 mg of 47.0 % YC and fraction 9 yielded 0.50 mg of 58.0 % YB.

2.4.3 Characterisation and peptide purity determination of selected C
analogues using UPLC-MS.

The purification of the tryptophan-rich C-analogues (YC/C1 and WC/C1) is of particular
interest for this study due to the intrinsic fluorescence of tryptophan and its role in the photo-
induced fabrication of biologically active cyclo-decapeptide metal nanoparticle (CDP-MNP)
hybrid nanostructures (See Chapter 3 and 4) [25-30]. Fractions with the highest abundance
of C analogues were selected for UPLC-MS analyses to determine their percentage peptide
purity. From this selection, the fractions with the purest (percentage purity >90 %)
C analogues are summarised in Table 2.10 and illustrated in Figs. 2.4-2.7. Only peptide
analogues with >90 % purity were identified using ESI-MS mass spectra derived via the
MassLynx 4.01 MaxEnt 3 algorithm. The calculated mass error for each analogue present
in the pure fractions was smaller than 10 ppm, confirming the accurate peptide identification.
The ESI-MS analysis of the selected fractions, summarised in Table 2.10, revealed that
each fraction contained a high purity (>90 %) of either WC or YC with the main contaminants
being their C1 analogues or deaminated counterparts. The fraction with the highest purity
and yield is fraction 7 (Fig. 2.7) from P2W with a combined purity of 99.2% WC/C1 and a
yield of 6.356 mg. P1U fraction 3 yielded 1.938 mg tyrocidine C (94.2% purity). While the
fraction with the least contaminants (percentage of contaminants <4 %) is fraction 3 (Fig.
2.6) from P2W with a yield of 1.187 mg. This fraction has a high purity of YC (92.6%) but is
contaminant by the sodium adducts of YA (YA®). Sodium adducts often result due to the
exposure of peptides to sodium ions in in-culture production and extraction [7,8,20,22]. Even
though this fraction has a very low percentage of contaminants; it does not have the highest
combined purity. Contaminants lower than <2% were not summarised in Table 2.10.
Therefore, despite contributing less than two percent each, the combined contribution of the

remainder of the contaminants contributes 3.5%.
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Table 2.10 Summary of purified C analogues from selected HPLC fractions for this study.

Mass

a » Mass Experimental Theoretical M, d % Peptide %
Suppl. Frac oy M, (M+H] M+HT  ETOT purity® D' Comb.’
(PPM)

1348.6814 1348.6842 2.1 82.7 YC

P1U 3 1.938 5 94.2
1349.6706 1349.6683 1.7 11.5 YC
1371.6927 1371.7002 55 78.2 WC

P1W 6 5.784 1385.7067 1385.7159 6.6 11.4 WC, 97.5
1372.6904 1372.6842 4.5 7.9 wc’
1348.6813 1348.6842 2.2 92.6 YC

3 1.187 96.5
BoW 1387.6960 1387.6689 19.5 3.9 YC*®
1371.6927 1371.7002 55 85.6 wWC

7 6.356 99.2
1385.7075 1385.7159 6.0 13.6 WCy

a Amino acid supplementation of Br. parabrevis cultures as described in Table 2.2

bHPLC Fraction numbers as outlined in Fig.2.3

¢lyophilised fraction sample mass

dParts per million error or ppm errors calculated as per Equation 2.1.

¢ Percentage purity was calculated by expressing the peak area of the UPLC-MS chromatogram for each peptide as a
percentage of the sum of the peak areas of all the peptides present. It was assumed that the response factors of all
peptides are similar due to their analogue structures. Only fractions with a combined purity >90 % are summarised in this
Table. For each fraction, the peptide with >5 %purity was summarised and identified via UPLC-MS.

fPeptide modifications indicated as follows: Deamination (peptide®), oxidised (peptide®), linear sodium adduct (peptide?)
and single amino acid substitution (peptide?)

9 Combined percentage purity of C analogues for tryptocidine (WC/C1/CP) or tyrocidine (WC/C1/CP)

As shown in the UPLC chromatograms and associated MaxEnt 3 ESI-MS mass spectra
(Figs. 2.4-2.7), the retention times of these analogues and modified peptides are close to
one another. The general elution sequence for these analogues is WC1> WC > WCP for the
tryptocidines and YC1 > YC > YCP for the tyrocidines as shown in Figs. 2.4-2.7. The
relationship between these peptide analogues is illustrated well in Fig. 2.5 with the elution
of WC (M =1371.6927) at Rt= 9.18, WCi1 (M; = 1385.7067) at Rt = 9.06 and WC'’s
deaminated counterpart (M, = 1372.6904) at Rt=9.32. The co-elution of these peptides and
their Ci-analogue or modified counterparts can be expected in lower resolution semi-
preparative RP-HPLC. Moreover, Rautenbach et al. [10] have shown that the Trp-rich
peptide C analogues (WC/Ci1 and YC/Ci) have a high propensity to oligomerise or self-
assemble. All the above-mentioned factors complicate further purification of these already
HPLC purified fractions. The samples were therefore not purified further and the percentage
purity of the C, C1, deaminated and modified analogues was combined to give a percentage
purity of YC/C1/CP and WC/C1/CP. All fractions summarised in Table 2.10 had a combined
purity larger than 90 % and yields = 1 mg. The purity and yield were therefore sufficient for
further use in this study (Chapters 3 and 4).
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Figure 2.4 UPLC-MS and ESI-MS analysis of HPLC purified fraction three from
unsupplemented production one (P1U). (A) UPLC-MS chromatogram of HPLC purified P1U
fraction 3 with the retention time annotated at the top of each predominant peak (percentage
purity >2%).(B) ESI-MS mass spectrum derived via MassLynx 4.01 MaxEnt 3 algorithm for
each peak (as indicated by arrows) with the experimental M; [M+H]* of each peptide peak
annotated on the spectra.
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Figure 2.5 UPLC-MS and ESI-MS analysis of HPLC purified fraction six from tryptophan
supplemented production one (P1W). (A) UPLC-MS chromatogram of HPLC purified P1W
fraction 6 with the retention time annotated at the top of each predominant peak (percentage
purity >2 %). (B) ESI-MS mass spectrum derived via MassLynx 4.01 MaxEnt 3 algorithm for
each peak (as indicated by arrows) with the experimental M; [M+H]* of each peptide peak
annotated on the spectra.
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Figure 2.6 UPLC-MS and ESI-MS analysis of HPLC purified fraction three from tryptophan
supplemented production two (P2W). (A) UPLC-MS chromatogram of HPLC purified P2W
fraction 3 with the retention time annotated at the top of each predominant peak (percentage
purity >2 %). (B) ESI-MS mass spectrum derived via MassLynx 4.01 MaxEnt 3 algorithm for
each peak (as indicated by arrows) with the experimental M; [M+H]* of each peptide peak
annotated on the spectra.
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Figure 2.7 UPLC-MS and ESI-MS analysis of HPLC purified fraction seven from tyrptophan
supplemented production two (P2W). (A) UPLC-MS chromatogram of HPLC purified P2W
fraction 7 with the retention time annotated at the top of each predominant peak (percentage
purity >2 %). (B) ESI-MS mass spectrum derived via MassLynx 4.01 MaxEnt 3 algorithm for
each peak (as indicated by arrows) with the experimental M; [M+H]* of each peptide peak
annotated on the spectra.
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2.5 Conclusions

Production profiles of Br. parabrevis cultures were successfully shifted to produce Trcs using
the methodologies developed by BIOPEP peptide group at Stellenbosch University [7].
Supplementation of Br. parabrevis cultures with tryptophan promoted the production of Trp-
rich C analogues, particularly the tryptocidines. This aided in the purification process for the
isolation of C analogues for future applications in Chapters 3 and 4. Unfortunately, the first
production series indicated aberrated production with lower yields and a high prevalence of
modified linear gramicidins (VGAYF). Peptide production is a complex process influenced by
a multitude of factors. It is therefore challenging to pinpoint the cause of this non-ribosomal
production of peptides. However, production two and three had a reduced amino acid
supplementation concentration, higher mg yields and were void of VGAYF. Production two
had an amino acid supplementation concentration of 10 mM and production one had a
20 mM for both Trp and Phe. Although the work in this study cannot determine the influence
of amino acid supplementation concentration on the production yield and aberrated
production of modified peptides, future work could investigate this relationship for
applications in optimised peptide production and purification. The sequence similarity and
tendency of the tyrocidines to self-assemble, oligomerise and co-elute, made purification of
single peptide analogues challenging. Yet, the self-assembling nature of the tyrocidines is
promising for future formulations and peptide-assisted nanoformulation fabrication.
Tyrocidine C and tryptocidine C analogues of sufficient yield (= 1 mg) and purity (>90 %), as
determined by UPLC-MS, were successfully purified from production crude extracts using
established RP-HPLC methodologies. While a tyrocidine peptide mixture (Trc mix) was
successfully purified (>90% purity) via organic solvent extractions for the removal of linear
gramicidins. These peptides required no further purification for the purpose of this study,
therefore, conserving the time, resources and money needed for further RP-HPLC or higher
resolution purification. Only peptides with high purity (>90 %) were selected for use for the

remainder of this study.
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Figure S2.1 ESI-MS mass spectra derived via MassLynx 4.01 MaxEnt 3 algorithm of crude
production extracts with mass in Da on the x-axis (mass) and percentage signal intensity on
the y-axis (%). The cyclodecapeptides are highlighted in blue and the linear gramicidins in
green. The singly charged peptide masses are annotated on the spectra with the peptide
identity of the most predominant peptide analogues indicated. A modified linear gramicidin
was identified and annotated as VGAYF. All peptides’ ions observed as sodium adducts are

indicated with a *.
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Figure S2.2 Shift in UPLC elution profiles of crude production extracts after amino acid
supplementation of Br. parabrevis culture mediums. Unsupplemented (A), tryptophan
supplemented (B) and phenylalanine supplemented (C) productions were plotted separately
with production one (P1) in blue, two (P2) in green and three (P3) in red. The retention time
range of each respective peptide analogue (A, B and C) and linear gramicidin (Grms) is
indicated with dotted lines.
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Figure S2.3 Example of extracted chromatograms of doubly charged peptide ions in tyrothricin complex (20 ppm error) for production 3
unsupplemented used to determine peptide identities (ID) with comparison to standard tyrocidine mixture (refer to Fig. S2.4).
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Figure S2.4 Example of extracted chromatograms of doubly charged peptide ions in tyrothricin complex (20 ppm error) for standard
tyrocidine mixture used to determine peptide identities (ID).
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Table S2.1 Heatmap summary of absolute signal intensities of the peptide contributing to the crude production extracts Peptide identity

(ID) was derived from correlating the doubly charged monomer ions [M+2H]?* in tyrothricin complex (<20 ppm error) in extracted
chromatograms with that of the peptide ions in standard commercial tyrocidine mixture. The absolute peptide signal of the doubly

changed ion is depicted as a heat map with blue the lowest contribution and pink the highest contribution in each extract. These absolute
peptide signals were used to calculate the % signal contribution of each peptide in each extract (see Table 2.6).

Peptide ID | Rt (min) | Tremix | P1u | P2u-1 | P2u2 | P3U | P2F-1 | P2F2 [ P3F1 | P3F-2

WA, 1204 | 7268 | 3596 | 3864 i 18105 | 12028 | 9082 | 7297 | 26253

WA 1212 | 9890 | 16298 | 20749 | 19079 | 27355 | 59786 | 39891 | 15963 | 51078

YA, 11.59 | 95066 | 15644 | 17909 | 13645 | 58217 | 112459 | 74268 | 22625 | 88748

YA 11.69 | 96196 79877 | 102646 | 405969 | 351356

FA: 11.98 7401 | 37812 | 29050

FA 12.09 17891 | 198706 | 160947
WBi+unk | 1112 | 13253 | 9145 | 15048 | 12327 48416

WB 11.20 | 41663 | 65213 | 97725 | 91709 | 21703 106944 292653 142051
YB 10.62 | 147103 | 39403 | 56037 | 54877 | 33597 | 7902 | 5286 | 32731 | 114743

YB 10.71 | 136359 | 98684 | 162148 | 153554 | 36222 | 41972 | 29199 | 40340 | 134344 | 11789 | 34002 | 4805 | 8001
WG 1049 | 27975 | 36221 | 54389 | 45726 | 4020 | 11915 | 50865 | 147408 | 813860 | 97046 | 461650
wC 10.55 | 44562 | 109963 | 168558 | 151905 | 4704 16973 | 62669 | 358734 | 1360129 | 222757 | 603460
YG 10.05 | 119028 | 50793 | 85048 | 63939 | 4334 | 10696 | 43075 | 26130 | 111992 | 10508 | 14754
YC 10.10 | 252193 | 219223 | 372702 | 321415 91235 | 127904 | 422362 | 59083 | 76505
IGC 14.37 | | |

IGB 11.74 | | 6152 | 3580

IGA 1467 | 4850 | 13479 | 10042 | 8935 4175 | | 11586 | 52583
VGC 13.25 | | |

VGB 15.31 | | |

VGAY | 1175 42552 | 15710 | | 10355 | 6410

VGA 1422 | 19269 | 58877 | 56257 | 47926 | 11439 | 17894 | 9228 | 9120 | 25834 | 43934 | 272630 | 62699 | 30452
Total Signal 1032366 | 879010 | 1256337 | 1082762 | 378465 | 944934 | 744779 | 290318 | 997304 | 835924 | 3440134 | 508935 | 1382631
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Chapter 3
Mass spectrometry studies on the interaction of the
tyrocidines and analogues with metal salts

3.1 Introduction

The propensity of tyrocidines to adhere to a variety of surfaces makes these naturally
produced antimicrobial peptides promising agents for the fabrication of robust antimicrobial
nanomaterials. Previous studies indicate that the structured self-assembly of the tyrocidines
into dimers, tetramers, and other higher oligomers in agueous solutions assists their
association and surface adhesion [1,2]. The ordered oligomerisation of the tyrocidines is of
interest due to the influence disordered aggregation and formation of stable nanostructures
have on the antimicrobial activity of the tyrocidines. It is hypothesised that the smaller
oligomers, particularly dimers, serve as both the building blocks for peptide self-assembly
and membrane-active moieties. The activity of the tyrocidines is therefore based on a ‘critical
point’ of oligomerisation, forming dimers and oligomeric structures from which amphipathic
dimers can be released [1-6]. Excessive stable oligomerisation and unwanted aggregation
could lead to the trapping of these active moieties and diminished activity of the otherwise
potent tyrocidines [5,7]. The arrangement and/or rearrangement of formulations to favour
amphipathic dimers and small oligomers in solution, or release of such moieties from
surfaces, could therefore greatly enhance the biological activity whilst maintaining the

robustness of the tyrocidines.

Metals and their electrostatic interactions with biomolecules play a crucial role in important
biological processes essential for all forms of life. Metals are often found in both eukaryotes
and prokaryotes as constituents of proteins [8-11]. A systematic bioinformatic survey
showed that of known enzymes an estimate of 40% are metal-dependent and require metal
co-factors to function [8]. Moreover, proteins often incorporate metal ions to stabilize their
biologically active higher order structure [12—14]. Understanding peptide:metal interactions
offers deeper insight on the structure-function relationship and how specific peptide
structures can be manipulated with the addition of certain metal ions. Metals have been
classified into three major groups based on their biological function and influences: (1) non-
essential metals, (2) toxic metals and metalloids and (3) essential metals. The nonessential
metals with no known biological effects are Rb, Cs, Sr, and T. The toxic metals are Ag, Cd,
Sn, Au, Hg, Ti, Pb, Al and metalloids are Ge, As, Sb and Se. The essential metals have
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known biological functions and are required by most living organisms to survive. These
metals include Na, K, Mg, Ca, V, Mn, Fe, Co, Ni, Cu, Zn, Mo, and W [15]. Sodium and
potassium are crucial constituents for sodium—potassium ATPase function and the active
osmoregulation of cells [10,16]. Magnesium and calcium have a vital structural role in
nucleotide complexes and calcium acts as a secondary messenger in cells [17-21]. Iron is
often used for electron transfer in redox reactions and zinc partakes in enzyme catalysis [8].
Although these essential metals are crucial to maintain cellular processes, organisms
require a state of metal homeostasis to ensure proper biological function. The presence of
certain heavy metals or excessive intra-cellular concentrations of essential metals are toxic.
Non-essential metals , such as gold and silver, have no known biological function yet show
great biological effects and toxicity. Since metals cannot be synthesised nor degraded,
organisms require sensitive mechanisms capable of sensing fluctuations in metals. In
bacteria, these mechanisms often use peptides and metalloproteins to capture, transport,
store, leak, sequester and reduce metal ions to ensure metal availability while avoiding the

risk of intoxication or starvation [15,22—-24].

Pilot studies successfully fabricated metal nanoparticles using tyrocidines as a reducing
agent [V. Kumar, unpublished data]. This work suggested the presence of peptide:metal
interactions capable of dictating tyrocidine oligomerisation and nano-assembly. The
influence of metals and their concentration on the oligomerisation of the tyrocidines was
therefore investigated. The metals utilised in this study include alkali earth metals (Mg?* and
Ca?*), transition metals (Fe?*, Cu?*, Ag*and Au®*) and the post-transitional metal zinc (Zn?").
The selection of metals for this study was based on a multitude of factors including,
bioavailability, ion size, oxidation state, electronegativity, and reduction potential as well as
their role in biochemical processes, toxicity, and bacterial survival. The influence of these
different metal salts on the oligomerisation, conformation, and nanostructure formation of
tyrocidines can be assessed using a range of biophysical methods, such as fluorescence,
UV-visible spectrophotometry, circular dichroism (CD), including magnetic CD, nuclear
magnetic resonance spectrometry, X-ray crystallography, various electron microscopy
techniques and various mass spectrometry techniques. In this study, travelling wave ion
mobility (TWIM) linked to high-resolution electrospray mass spectrometry was used to
monitor the oligomeric profile of the tyrocidine-metal salt formulations (Fig. 3.1).

lon mobility Mass Spectrometry (IM-MS) is a technique which separates and characterises

analyte ions based on their gas-phase movement through an electric field offering valuable
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data unattainable via conventional mass spectrometry methods. IM-MS is a sensitive
technique capable of separating and characterising analyte species with equivalent mass or
m/z based on differences in shape, conformation, collision cross-sections (CCS) and
charged states. lons are separated by the opposing forces of the electric field applied and
collisions (CCS) with a neutral buffer gas (drift gas) in a Drift tube (drift-gas filled chamber).
The time taken by each ion to travel through the drift tube is recorded as its drift time. Using
the ion drift time, the travel velocity can be calculated if the electric field strength is known,
and the ions’ mobility can be determined. Moreover, the collision cross section (CCS) of an
ion can be determined to calibrate the chamber and ensure accurate IM-MS analysis [26—
29].

Figure 3.1 Travelling wave principle of Travelling-wave (TWIM-MS) ion mobility mass
spectrometry. A direct current creates an electric field (red dashed line) which alternates
between positive (+) and zero (0) creating a travelling wave potential (dark blue arrow) which
drives the analyte ions through the drift tube. The direction of ion mobility (yellow arrow) is
parallel to the travelling wave and opposed by the direction of the drift gas (light blue arrow).
Compact ions with high mobility ride the travelling wave and experience less collisions with
the opposing drift gas allowing shorter drift times. Figure adapted from Giles et al. [25].

Drift-tube (DTIM-MS) and travelling-wave (TWIM-MS) ion mobility mass spectrometers are
two types of commercially available IM-MS analysers. The DTIM-MS approach utilises an
axial field of constant intensity to push ions through the gas-filled drift tube whereas the TW-
IMS approach uses an alternating electric field. The TWIM-MS system has stacked-ring-of
electrodes which carries a pulsating direct current (DC) voltages and alternating radio
frequency (RF) to the drift tube. The electrodynamic TWIM-MS field alternates between two
sections (positive and zero) parallel to the direction of travel of the ions in the drift tube (Fig.

3.1). In the zero-field section ions remain stationary and in the positive-field section ions with
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travel at their ion-specific velocities. This fluctuating electric field creates the travelling wave
potential (as shown in Fig. 3.1) which drives the analyte ions through the drift tube. lons with
higher charge states experience a higher electric force and therefore a higher ion mobility.
In turn, ions with higher mobility experience higher travel velocity and remain within the
positive section of the wave for longer permitting shorter drift times. lons with lower mobility
are surpassed by the travelling wave potentials and experience longer drift times. Moreover,
compact molecules travel with higher velocity than larger molecules which experience more
collisions with the opposing drift gas [27,29,30]. This multifactorial separation has made IM-
MS a popular tool for rapidly analysing the structures and conformations of molecules,

compounds and complex samples [31-37].

Since DTIM-MS uses uniform voltage gradient, the ion drift times are directly related to CCS
via the Mason—Schamp relationship [27,38]. However, TWIM-MS uses a dynamic pulsed
voltage creating a travelling wave potential which varies with drift time and tube length. The
CCS values for TWIM-MS are therefore determined using known CCS values and the
measured drift times of the analyte ions via an empirical calibration relationship [39-41].
Besides the intricacy of CCS determination, TWIM-MS has lower voltage requirements,
increased sensitivity, improved resolution, and reduced ion loss compared to DTIM-MS and
was therefore used in this study. Since TWIMS does not necessitate high voltages for
separation, it can be easily extended to longer optical path lengths, which radically improves
resolution. In contrast, increasing the DTIMS path length demands high operational
voltages, even at high data acquisition rates [27]. It is important to note that both gas phase
mass spectrometric techniques remove organic solvent and water molecules, in turn,
eliminating hydrophobic and polar interactions. In addition, only stable non-covalent
complexes and oligomers are capable of withstanding the exposure to high collision forces,
energy potentials and temperatures within the instrumentation during IM-MS analysis
Therefore ensuring that all complexes detected are that of stable electrostatic non-covalent
interactions such as H-bonds and ionic interactions [27,32,42—44]. In this chapter we report
the TWIM-MS investigation the cyclodecapeptides’ self-assembling behaviour to form
different oligomers or complexes in the presence of different metals. The capability to direct
peptide self-assembly and nanostructure formation, via the formulation of tyrocidines with
selected metals, holds the potential for the development of novel antimicrobial nanodrugs
against stubborn pathogens and biofilms. Such metal-containing composite can have
effective antimicrobial applications in food packaging, biomedical devices, and coatings as

self-sterilising materials.
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3.2 Materials

Trc mix and pure Tpc C (>90% purity) were extracted and purified as described in Chapter
2. Analytical grade ethanol (EtOH) was supplied by Merck (Darmstadt, Germany). Analytical
grade water (MilliQ water) was prepared by filtering water via a reverse osmosis plant using
a Millipore-Q® water purification system (Milford, USA). 300 mesh carbon coated grids were
purchased from Agar Scientific Ltd. Silver nitrate (AgNOs), sodium chloride (NacCl),
magnesium chloride (MgClz) and copper chloride (CuCl2) were supplied by Merck
(Darmstadt, Germany). Calcium chloride (CaClz) and magnesium nitrate (Mg(NO3)z2) were
supplied by Saarchem (Midrand, South Africa). Sodium nitrate (NaNO3), potassium chloride
(KCI), zinc chloride (ZnCl2) and gold (111) chloride (HAuCl4) , leucine enkephalin acetate salt
hydrate (>95%) and poly-DL-alanine (Poly-Ala) were supplied by Sigma-Aldrich (St. Louis,
USA). Iron () chloride (FeCl2) were supplied by Fluka Chemicals (Buchs, Switzerland).

3.3 Methods

3.3.1 Peptide:metal formulation and nanopatrticle fabrication

The peptides selected for the formulations include Trc mixture (Trc mix) containing
predominantly TrcA, TrcB and TrcC and their Lys-analogues. Trc mix was formulated with a
selection of metal salts in an array of peptide:metal molar ratios (4:1, 2:1, 1:1, 1:2 and 1:4).
All peptide:metal formulations had a final solvent composition of 15 % EtOH-water (v/v) and
maintained a fixed peptide concentration of 50 uM. The metal salts used for the formulations
include chloride salts (NaCl, KCI, FeClz, MgClz, CuClz, CaClz, ZnCl2 and HAuCls) and nitrate
salts (AgNOs, Mg(NO3s)2, NaNOs). The selected peptides were dissolved in 60 % EtOH-
water (v/v) (organic shock), sonicated and then double diluted with to 30 % EtOH-water (v/v)
binary formulation before being added to selected metal salts. All metal salts were dissolved
in analytical quality water (Milli-Q water) to the different concentrations required for
formulations of different molar ratios. To limit the influence of residual contaminants such as
detergents on the formulations, only pyrolysed glassware and ultra-high purity solvents were

utilised in the preparation of the formulations.

3.3.2 Electrospray lonisation and UPLC linked Mass Spectrometry

Samples were analysed at the Central Analytical Facility (CAF), Stellenbosch University,
with the assistance of Prof. Marietjie Stander. The electrospray ionisation mass

spectrometry (ESI-MS) system comprised of a Waters Synapt G2 quadrupole time-of-flight
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(Q-TOF) mass spectrometer, a Z-spray electrospray ionisation source and a photodiode
array detector. The ESI-MS solvent used consisted of 0.1 % formic acid in 60 % ACN in
water (v/v/v). Sample volumes of 2 uL were injected via a Waters Acquity® UPLC into the
ESI-MS system allowing direct infusion with a flow rate of 0.3 mL/min at a source
temperature of 120 °C, cone voltage of 15V, extraction cone voltage at 4V, desolvation
temperature at 275 C and Nitrogen desolvation gas flow set at 650 L/h. The ESI-MS data
was collected in positive continuum mode scanning from 300-2000 (m/z) at a rate of 0.2
scans per second. UPLC linked MS (UPLC-MS) was used to identify the identity and
contribution of peptides crude production extracts and commercial Trc mix extracts. The
samples were resuspended in 50% ACN: water (v/v) and subsequently centrifuged at 10
621xg for 10 minutes to remove any particulate material. Crude production extracts were
prepared to a concentration of 500 ug/mL and HPLC purified fractions to a concentration of
250 pg/mL. Both ESI-MS and UPLC-MS analysis was performed and maintained under the

same conditions as described in Chapter 2.

3.3.3 lon Mobility Linked Electrospray lonisation Mass Spectrometry

The ion mobility spectrometry-linked ESMS (IM-MS) analysis was done on the instrument
described above with the same settings and solvents. IM-MS was achieved by enabling the
travelling-wave ion mobility cell in the ESI-MS system. High resolution mass calibration of
the instrument was performed using sodium formate and in-analysis calibration was
performed using leucine enkephalin single point lock spray (m/z = 556.2771). Poly-Alanine
(Poly-Ala) was used as the calibration standard to calibrate the travelling wave ion mobility
cell’s drift time. The IM-MS data was collected in positive mode scanning from 200-2100
(m/z) at a rate of 0.2 scans per second. The travelling wave ion mobility experimental
instrument parameters were set as follows: extraction cone at 4 V, helium cell gas flow at
180 mL/min and ion mobility buffer (N2) gas at 90 mL/min. A mobility trap and extract height
at 15 and 0V, respectively, and a trapping release period of 200 us. A wave height ramp
(100 %) from 8 to 20 V and wave height linear velocity ramp (20 %) from 1000 to 650 m/s
at 200 m/s. A trap collision energy at 15 V, a transfer collision cell energy of 0 eV and a
desolvation temperature of 275 °C. The trap collision energy for the lock spray calibration
was 4 V.
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3.3.4 Data analysis

The Mass Spectrometry data was collected and analysed using Waters MassLynx V4.1
software (Milford, USA) and Driftscope v2.9 software. The linear poly-Ala calibration curve
(FIG) used to determine the collisional cross-section (CCS) calculations was constructed as
described by Michaelevski et al.[45] and Rautenbach et al. [32]. The percentage contribution
for each major peptide in Trc mix was determined as described by Ruotolo et al.[46] (refer
to supplementary data). Peptide oligomers were identified from the IM-MS spectra and the

percentage contribution of each species to the total signal was calculated as follows:

Signal Intensity of Peak Equation 3.1
tributi %)= x1
Contribution (%) Y. Peak Signal Intensities 00
MaxEnt 3 analysis confirmed the identity of the charged peptide oligomeric species. The
theoretical masses used to identify the species are summarised in Table S3.1, Table S3.5,
and Table S3.6. The theoretical masses of the tyrocidines and analogues and their amino

acid sequences are also summarised in Table 2.1 (Chapter 2).

3.4 Results and Discussion

3.4.1 Tracking peptide self-assembly and oligomerisation with ESI-MS

The self-assembling nature of the tyrocidines into higher-order structures has been well
established in older tyrocidine literature [47—49] and more recently by the BIOPEP Peptide
Group [1,2,7,50]. Higher order oligomeric species have consistently been observed when
analysing the tyrocidines regardless of the purity, concentration, or organic solvent.
Previously investigators observed the oligomerisation of tyrocidines from dimers up to
octamers using ESI-MS [1,2,7]. Moreover, the prevalence to form dimeric species increases
with increasing peptide purity [7,50] as illustrated in the ESI-MS mass spectra of Figs. 3.2
and 3.3. Since the amphipathic peptide dimers are believed to be both the building blocks
of higher-order structures and the active moieties against microbes [7,50], the ability to
influence peptide oligomerisation through formulation can have drastic influences on peptide
structure and activity with promising future applications. Oligomeric species detected by
direct injection ESI-MS for TrcC and TpcC in purified peptide and peptide mixtures (Trc mix)
are annotated in Fig. 3.2. It is important to note that the ESI-MS spectra are expressed in
percentage signal intensity (y-axis) and protonated mass (x-axis). Therefore, the peak
heights (% signal) of similar species (i.e., the monomeric peptides) within the same spectra
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remain relative and can therefore be compared to one another. However, direct comparisons
between peak heights of non-similar species (i.e., between monomers, dimers, and trimers)
and between samples (i.e., between Trc mix and pure TrcC) cannot be made. However, one
can use the species ratios (% contribution) to compare both non-similar species and

samples (i.e., comparing species contribution within or between Trc mix and purified TrcC).

The same applies to the IM-MS ion profiles that will be discussed later in this study.

A. 46% 27%
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Figure 3.2 MaxEnt 3 analysed UPLC-MS mass spectra illustrating the oligomerisation of
peptide analogues in peptide mixtures and purified peptides (>90% purity). The percentage
signal intensity (%) is plotted on the y-axis and mass (Da) on the x-axis. The oligomerisation
of TrcC is shown for Trc mix (A) and purified TrcC (B). The oligomerisation of TpcC is shown
for Trp supplemented crude extract (C) and purified TpcC (D). The percentage contribution,
calculated as per Equation 3.1, is indicated above each oligomer identity in bold. Oligomeric
species up to octamers are found and were accounted for in the percentage contribution
calculations. For ease of viewing, select peptide oligomeric species (monomers, dimers, and
trimers) are represented and denoted in bold above the respective theoretical species
masses (Da) as determined via MaxEnt 3 analysis. See Chapter 2 for production and
purification of crude extracts and pure peptides.
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Fig. 3.2 illustrates that peptide oligomerisation into higher order homo-oligomers increases
with increasing peptide purity. Even though oligomeric species up to octamers are found
and were accounted for in the percentage contribution calculations, only select peptide
species (monomers, dimers, and trimers) are shown for ease of viewing. Both the peptide
mixtures (Fig. 3.2. A and C) and the purified peptides (Fig. 3.2 B and D) show a prevalence
of monomers > dimers > trimers (in order of percentage contribution). However, the purified
peptides have a lower percentage contribution towards monomers and a higher percentage
contribution towards larger homo-oligomers relative to their peptide-mixture counterparts.
The Trc mix (Fig. 3.2A) exhibits a higher ratio of monomeric (46%) and dimeric (27%) TrcC
species and a lower ratio of trimeric (10%) TrcC species than the purified TrcC (Fig. 3.2B)
with 27% monomeric, 25% dimeric and 15% trimeric TrcC species. The Trp supplemented
crude extract (Fig. 3.2C) exhibits a higher ratio of monomeric TpcC species (57%) and a
lower ratio of dimeric (22%) and trimeric (3%) TpcC species than the purified TpcC with 34%
monomeric, 29% dimeric and 8% trimeric TpcC species. Only homo-oligomeric species
were considered while investigating the oligomerisation of TrcC and TpcC represented in
Fig. 3.2. Although the increase in homo-oligomeric species in purified peptide can be
attributed to the absence of hetero-oligomers and is therefore expected, the loss in
monomeric species between peptide-mixture and purified sample is still of interest. This loss
in monomer contribution associated with the increased contribution of larger oligomers
(specifically dimers) in purified peptide indicates the potential uptake of monomers to form
larger oligomers as suggested by Rautenbach et al. [7]. On the other hand, the competition
to form stable hetero-dimers, and hetero-tetramers that are separated via UPLC-MS is not
accounted for in the UPLC-MS analysis of single peptides in mixtures (Fig. 3.2). Although
the peptide is concentrated in the UPLC peak, in the mixture, it will have a lower effective
concentration lowering the mass drive for oligomerisation. The complexity of UPLC-MS of a
matured 24 hour old sample of Trc mix is shown in Fig. 3.3 illustrating the loss of some
dimers, mostly heterodimers and tetramers from each peptide peak, as they are retained on
the column longer. However, even in the major peptide peaks there is
homodimers/tetramers and heterodimers/tetramers, with the easily identifiable
heterodimers/tetramers indicated in the spectra in green (Fig. 3.3 A-F). The oligomerisation
behaviour and increased prevalence of dimers and larger oligomers observed for the purified
tyrocidines agree with what has been observed in a number of previous studies
[1,4,7,47,48]. Moreover, the loss of monomers at higher purity and concentration, supports

the suspected role dimers and larger oligomers play in peptide aggregation and the loss of
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antimicrobial activity observed for purer peptide analogues explored in Chapter 4. Although
this oligomerisation behaviour of purified tyrocidines has promising applications for
nanoformulations, the IM-MS analysis in this study was not performed using pure peptides
due to their limited availability. For this study, Trc mix was used to determine the influence
metals have on peptide oligomerisation and the further analysis of pure peptide

nanoformulations and application in antimicrobial formulations are presented in Chapter 4.
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Figure 3.3 UPLC-MS analysis of 24 hour matured 1.0 mg/mL Trc mix in 50% acetonitrile
with chromatogram (I) showing base peak intensity chromatogram and chromatogram (ll)
showing the profile of the triply charged dimers (shown in D). The doubly charged
monomeric species [M+2H]?* (A), singly charged monomeric species [M+H]* and doubly
charged dimeric species [2M+2H]?* (B), triply charged tetrameric species [4M+3H]**(C)
correlate with the large peaks in I. The triply charged dimers [2M+3H]3* (D), doubly charged
dimeric species [2M+2H]?* (E), triply charged tetrameric species [4M+3H]3*(C) correlate with
the peaks in Il. Also refer to Table 3.1 and Table S3.1 (supplementary data).
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3.4.2 IM-MS analysis of peptide oligomerisation

Analysis of peptide oligomerisation with UPLC-MS is possible yet complex and time
consuming with long run times. As the oligomerisation of the peptides is not only solvent,
concentration, identity, and purity sensitive, but also time sensitive. In this study, IM-MS was
used as a tool for rapid detection and simplified monitoring of peptide oligomerisation in Trc
mix formulations with metals [35,40,51]. However, as the tyrocidines self-assemble to form
higher-order oligomers: the accurate identification of the peptides becomes increasingly
intricate. The larger the oligomer: the greater the scale of potential peptide analogue
combinations, and subsequently the number of overlapping masses, m/z values (as seen in
Fig. 3.6) and IM-MS drift times. To illustrate this complexity, Table 3.1 summarises the
overlap within the dimeric species where 11 out of the 21 combinations (highlighted in green)
have similar masses and are therefore indistinguishable from one another based on mass
alone. Moreover, seven doubly charged dimeric species’ [2M+2H]?* masses (highlighted in
blue) match singly charged monomeric masses [M+H]* (refer to Table 2.1 in Chapter 2 for

singly charged monomeric peptide masses).

Table 3.1 Summary of the mass-to-charge ratio (m/z) and theoretical mass (Da) values
for the doubly charged dimeric species [2M + 2H]?* of the six major tyrocidines present in
the Trc mix. Matching dimeric masses are highlighted in green and masses matching
monomeric species masses highlighted in blue.

Theoretical Dimer [2M] Mass (Da)

Peptide YA YA: YB YB1 YC YC1

Identity

YA 2539.3092

YA 2553.3249 2567.3405

YB 2578.3201 2592.3358 2617.3310

YB1 2592.3358 2606.3514 2631.3467 2645.3623

YC 2617.3310 2631.3467 2656.3419 2670.3576 2695.3528

YC: 2631.3467 2645.3623 2670.3576 2684.3732 2709.3685 2723.3841
Doubly Charged Dimer [2M+2H]?* Mass-to-Charge Ratio (m/z)

Peptide YA YA YB YB1 YC YC1

Identity

YA 1270.6624

YA1 1277.6703 1284.6781

YB 1290.1679 1297.1757 1309.6733

YB1 1297.1757 1304.1835 1316.6812 1323.6890

YC 1309.6733 1316.6812 1329.1788 1336.1866 1348.6842

YC1 1316.6812 1323.6890 1336.1866 1343.1944 1355.6921 1362.6999
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Although IM-MS allows for the differentiation of oligomeric species which would (with more
conventional mass spectrophotometry) be indistinguishable from one another due to their
similar or identical masses and m/z values, certain species also exhibit similar drift times
and are therefore only distinguishable with IM-MS analysis when their mass, m/z value and
cross collisional section (CCS) are both considered. The CCS values are highly dependent
on the structure and conformation of the peptide and their oligomers. The average CCS
areas (A?) for the ionic species of interest namely, monomers [M+H]*, doubly charged
monomers [M+2H]?>* and dimers [2M+2H]?* is summarised in Table S3.2 (supplementary
data). These CCS areas calculated correlated well with those previously reported [7,32,52]

and confirmed the reliability of IM-MS profiling of oligomer formation.

3.4.3 IM-MS tracking of complexation of peptides in Trc mix with metal ions

Pilot studies on the fabrication of metal nanoparticles using the tyrocidines as a reducing
agent suggested the presence of peptide:metal interactions capable of dictating peptide
oligomerisation [unpublished data]. These studies are discussed further in Chapter 4. In this
study, the influence of different metals on the oligomerisation of the peptides in Trc mix was
observed by formulating 50 uM Trc mix with increasing concentrations of metal salts. Trc
mix was formulated with an array of metal salts (refer to Table S3.4 in supplementary data).
The selection of metals was based on a multitude of factors including bio-availability, ion
size, oxidation state, electronegativity, and reduction potential as well as their role in
bacterial growth, antimicrobial peptide production and regulation as discussed in the
introduction. The metals utilised in this study include alkali earth metals (Mg?* and Ca?*), a
transition metal (Fe?*), group 11 transition metals (Cu?*, Ag* and Au®") and the post-
transitional metal (Zn?*). The influence of the selected metals and their concentration on the
oligomerisation of the tyrocidines was investigated by tracking the percentage signal
contribution (Equation 3.1) of the different ionic species at the different peptide:metal ratios
(4:1,2:1, 1:1, 1:2 and 1:4). IM-MS profiles and three-dimensional renderings of such profiles
(Driftscope) were used to visualise the peptide oligomerisation behaviour of the Trc mix
formulations. The Driftscope in Fig. 3.4 illustrates the oligomerisation pattern of a fresh and
4 hour matured 50 uM Trc Mix sample in the absence of metal. The IM-MS analysis of the
unformulated Trc Mix detected doubly charged monomeric species [M+2H]?* (b), doubly
charged dimeric species [2M+2H]?* (c), singly charged monomeric species [M+H]* (d), and
triply charged tetramers [4M+3H]3*(e). The maturation of the Trc mix sample resulted in well-

defined IM-MS peaks as shown in Fig. 3.4 (ll, A and C). This suggests the oligomerisation
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and self-assembly of the peptide into its respective oligomers over time. The tendency of
the tyrocidines to self-assemble, aggregate and oligomerise is well recorded in previous
studies and was therefore expected with the maturation of the sample [2,4,6,7,47,53]. The
maturation of peptide:metal formulations and the peptides oligomerisation behaviour are

investigated later in this chapter.
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Figure 3.4 IM-MS profiles of species detected for a fresh (I) and 4 hour matured (1) 50 uM
Trc mix sample in 15% EtOH-water. The 2D (A) and 3D (C) DriftScope profiles of the IM-
MS (B) are annotated as follows: unidentified triply charged ions (a), doubly charged
monomers [M+2H]?* (b), doubly charged dimeric species [2M+2H]?* (c), and singly charged
monomers [M+H]* (d).
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The presence of the triply charged species at a drift time of 2.09 (a) was of particular interest
since the masses detected in the mass spectra did not match that of a triply charged peptide
oligomers for any of the samples. However, the percentage contribution of this triply charged
species increased with the introduction and increasing concentration of metals. Although the
triply charged masses detected are that of fragmented peptide in the 50uM Trc mix control,
further investigation revealed that certain formulations with metals displayed masses
corresponding to that of the respective peptide:metal complexes. The theoretical
monoisotopic masses for the different peptide:metal complexes were calculated for the
tyrocidine analogues in Trc mix and potential combinations of peptide monomers and metal
ions were investigated as shown with the example of iron in Table S3.5 and Table S3.6
(supplementary data) where the oxidation states and isotopes of the different metals were
considered. Since the m/z range for triply charged peptide:metal complexes will vary
between metals, the signal over an m/z range of 436.801 to 468.741 was analysed for the
2.09 peak and used in the percentage contribution calculations for consistency across
formulations. Although this m/z range may exclude certain peptide:metal complexes, it also
excludes the noise from smaller contaminants such as plasticisers. The triply charged
peptide:metal complexes were detected and identified using the ion spectra (m/z) and
MaxEnt 3 spectra (protonated monoisotopic mass) where applicable. Only masses and m/z
values with a calculated ppm error below 20 were considered and referred to as
peptide:metal complexes. Due to the complexity of the peptide mixture and its oligomers,
the total signal for each molecular ion from a selection of oligomers (singly charged
monomers, doubly charged dimers, and triply charged peptide:metal complexes) in the ion
mobility profile were used to compare their contribution ratio (% signal contribution) relative
to one another (sum of selected species) in peptide preparations and formulations for the
remainder of this study.

3.4.4 Interaction and complex formation of Trc mix with transition metal Fe?*

An example of peptide:metal complex formation is clearly illustrated in the Trc mix
formulations with FeClz. The experimental complexes matched the predicted m/z values and
isotope pattern modelled by MassLynx 4.03 as shown in Fig. 3.5. The isotope model of iron
(A) follows an isotope pattern of: 5*Fe, 6Fe then 5Fe with 6Fe (55.9349 Da) being the most
abundant isotope at 92% signal contribution. Both the experimental (B and D) and modelled
(C) m/z spectra followed the expected isotope pattern (A) with 56Fe contributing to the major

peaks. The experimental m/z values for the peptide:metal complexes (D) matched that of

3-14



Stellenbosch University https://scholar.sun.ac.za

peptide complexed with Fe?* ions. The isotope model for the peptide:metal complex
between Fe?* and TrcC showed m/z values matching that of the experimental results and
an error of >5 ppm from the calculated m/z values when both iron and peptide isotopes were
considered. Fig. 3.6 shows an example of the IM-MS profile for 50 uM Trc mix formulated

with 200 uM FeCl2 (1:4 ratio) and the oligomeric species detected.
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Figure 3.5 Isotope models and experimental m/z spectra of peptide:metal complexes.
MassLynx derived isotope models illustrate the predicted isotope pattern of iron (A) and
YC:Fe?* complexes(C). Experimental m/z spectra illustrate the of triply charged
peptide:metal complexes detected at a drift time of 2.09 for 50 uM Trc mix formulated with
200 UM FeCl2 (B) and the and isotope patterns followed as shown for the YC:Fe?*
complexes (D).The putative iron isotopes **Fe (red), °®Fe (orange) and %’Fe (blue) and the
respective complexes are highlighted in colour and annotated above each relative peak. The
ppm error of each m/z value is annotated above the complex identity in light grey and the
peptide isotopes with 13C are indicated with an Asterix (YC¥*).
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Fig. 3.6A shows the IM-MS ion profile with the percentage signal intensity (y-axis) and drift
time (x-axis) of each species. The ESI-MS mass spectra of each respective drift peak (B-D)
is indicated with an arrow (a-d) and annotated with the relevant peptide identities detected.
Oligomeric species detected for 1:4 Trc mix formulations with iron include: triply charged
peptide:metal complexes at drift time of 2.09 (a), doubly charged monomers [M+2H]?* and
peptide:metal complexes [M+FexH]?* at drift time of 3.74 (b), doubly charged dimers
[2M+2H]?* at drift time of 7.48 (c) and singly charged monomers [M+H]* at drift time of 11.99

(d).
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Figure 3.6. IM-MS profile of species detected for 1:4 Trc mix:Fe?* formulation in 15% EtOH-
water with extracted mass profiles: (A), triply charged peptide:metal complexes
[M+MetalznH]** (B) doubly charged monomers [M+2H]?* and peptide:metal complexes
[M+Fe+H]?* (C) doubly charged dimers [2M+H]?* and singly charged monomers [M+H]*(D).
Corresponding MaxEnt3 ESI-MS spectra of each species are shown with annotated species

masses and identity.
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As shown in Figs. 3.5 and 3.6 iron formed complexes with the tyrocidine and tryptocidine A,
B and C analogues present in Trc mix. Such complexes were detected in formulations
across each iron concentration. Although the formation of complexes remained consistent
across increasing metal concentration, the percentage contribution of these triply charged
species increased. An example of the influence metal concentration has on peptide:metal
complex formation and peptide oligomerisation behaviour are depicted in the three-
dimensional Driftscope (Fig. 3.7) of fresh samples of 50 uM Trc mix formulated with 25 uM
(Fig.3.7, 1) and 200 uM (Fig 3.7, II) iron. Although direct comparisons based on peak height
cannot be made between the two IM-MS ion profiles of the different samples, shifts in

peptide oligomerisation can be compared.

The highest peak in both Fig. 3.7 (I and Il) is that of the doubly charged species (b) which
includes both doubly charge monomers [M+2H]** and peptide:metal complexes
[M+Metal+nH]?*. Even though doubly charged peptide:metal complexes were detected, they
had low prevalence and the poor separation between doubly charged peptide masses and
doubly charged complexes in the IM-MS analysis (as shown in Fig. 3.6b). Although notable
changes in the doubly charged species contribution are not to be ignored, these were not
considered for the purpose of this study due to the complexity of the IM-MS analysis.
Similarly, larger oligomers were observed but also not studied in detail for reasons
mentioned in sections 3.4.2 and 3.4.3. However, the triply charged species predominantly
included peptide:metal complexes and was therefore considered. Both formulations with iron
(Fig. 3.7, I and II) show a shift towards triply charged species (a) compared to Trc mix alone
(refer to Fig. 3.4), with the 1:4 formulation (1) showing a higher prevalence (>2000 counts)
of triply charged species than the 1:2 formulation. This increase in triply charged species is
associated with shifts in both higher order (e and f) and smaller (c and d) peptide oligomers.
Formulations with 200 uM iron showed incidence of larger oligomers tetramers (e) and
hexamers (f), alluding that increasing iron concentration may promote the self-assembly of
peptides into larger oligomers (Fig. 3.7). However, like Trc mix alone (refer to Fig. 3.4), the
maturation of both 1:2 (A and C) and 1:4 (B and D) formulations also resulted in continued
peptide oligomerisation and assembly into larger peptide oligomers as shown in Fig. S3.2
(supplementary data). This observation suggests that the formation of peptide:metal
complexes influence or are influenced by the formation and/or dissociation of peptide
oligomeric species. Similar changes in peptide oligomerisation behaviour within formulations

were observed with other metals and metal concentrations as well. The relationships
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between peptide-metal complex formation, peptide oligomerisation and metal concentration
were therefore investigated further by tracking changes in the percentage contribution of

monomer, dimers and peptide:metal complexes as discussed below.
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Figure 3.7 IM-MS profile of species detected for fresh 2:1 Trc mix-Fe?* () and 1:4 Trc mix-
Fe2* (Il) formulations in 15% EtOH-water . The 2D (A) and 3D (C) DriftScope profiles of the
IM-MS (B) are annotated as follows: triply charged complexes [M+Metal+nH]3*(a), doubly
charged monomeric species [M+2H]?*and peptide:metal complexes [M+Metal+nH]?* (b),
doubly charged dimeric species [2M+2H]?* (c), singly charged monomeric species [M+H]*
(d) triply charged tetramers [4M+3H]3*(e) and quadruply charged hexamers [6M+4H]**(f).
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3.4.5 Contribution trends of monomers, dimers, and peptide:metal
complexes across metal salt concentrations

Trends between the ion signal contributions of singly charged monomeric [M+H]*, doubly
charged monomeric species [M+2H]?*, doubly charged dimeric species [2M+2H]?* and triply
charged peptide:metal complexes [M+MetaltH]>* were investigated to determine the
influence of metal salts on peptide oligomerisation. Although larger oligomers were detected,
only the contribution of the predominant drift peaks were considered in the contribution
analysis described below. The signal contribution (%) of each species detected across an
m/z range of 436-1390 was calculated using Equation 3.1. The doubly charged monomers
had the largest drift peak and was included in the m/z range used to calculate the signal
contributions of the different ionic species. However, due to the very high signal contribution
and potential contamination of the doubly charged monomers with peptide:metal complexes,
they were not illustrated in the signal contribution figures depicted below. Another major
factor considered in the signal contribution comparisons of peptide formulations with
different metal concentrations was the suppression of the IM-MS ion signal by the negatively
charged counter-ions (Clz and NO3’) present in metal salts. As the concentration of the metal
in formulation increases two-fold, so does the concentration of negative counter-ions and
thereby the ion suppression [54,55]. Although overall decreases in the ion signal of
formulations with higher metal salt concentrations can be expected, due to the counter ion
influence. The IM-MS ion signal suppression was assumed to be consistent between

species within the same metal salt concentration in formulations.

Changes between the ionic species for fresh and matured peptide:metal formulations with
the doubly charged metals Mg?* (A), Ca?* (B), Fe?* (C) and Zn?* (D) are summarised in
Fig. 3.8. For all four formulations, a decrease in monomers [M+H]* and dimers [2M+2H]?* is
mirrored by an increase in peptide:metal complexes [M+MetaltH]** and vice versa.
Interestingly, the monomer and dimer curve for the magnesium formulation intercepts the
peptide:metal complex curve at and below a metal salt concentration of 25 uM. Whereas for
the calcium formulation, only the dimer curve intercepts the peptide:metal complex curve
below 25 uM CaClz. For iron the peptide signal shows an initial drop in monomer and dimers
is mirrored by a spike in Trc:Fe?* at 25 uM metal salt. However, the triply charged
peptide:metal complex signal only intercepts the singly charged monomer signal at the
highest metal salt concentration (200 uM FeClz). In contrast, zinc formulations showed an

initial spike in monomer and dimer signal mirrored by a drop in Trc mix:Zn?* at 25 pM metal
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salt followed by an intercept of all three species at 50 uM metal salt. The changes in
oligomerisation behaviour around 25 pM for all four formulations suggests that the
peptide:metal ratio of 2:1 could be acting as a “critical point” for complex formation and that

peptide monomers and/or dimers have a role in peptide-metal interactions.
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Figure 3.8 Percentage of IM-MS signal contributions (%) for Trc mix formulated with
increasing molar concentrations (uM) of metal (Il) chloride salts. Singly charged monomeric
Trc Mix [M+H]* (dark green), doubly charged dimers [2M+2H]?* (bright green) and triply
charged peptide:metal complexes for formulations with (A) magnesium [M+Mg2*+H]3*
(orange), (B) calcium [M+Ca?*+H]** (beige), (C) iron [M+Fe?*tH]3**(red) and (D) zinc
[M+Zn2*+H]3* (teal). The solid lines show the trend of fresh samples, while the dotted lines
show the trends of 4 hour matured samples.
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Despite all four formulations in Fig. 3.8 having 2+ charged metal ions, the complex formation
and oligomerisation behaviour of iron and zinc differs greatly to that of the group two metal
ions magnesium and iron. Overall, Iron and zinc had a higher signal contribution for
monomers and dimers and lower contribution for the peptide:metal complexes than
magnesium and calcium. Magnesium and calcium have a near inverse relationship between
the triply charged complexes and the monomer and dimers with peptide:metal complexes
rising to a signal contribution above 25% and the monomer and dimer signal dropping below
10%. The inverse relationships between peptide monomers, dimers, and peptide:metal
complexes were maintained even after a four-hour maturation of the formulations as shown
by the dotted lines in Fig. 3.8. Interestingly, calcium and magnesium showed a slight loss in
contribution of triply charged peptide:metal complexes associated with an increased
contribution of monomer and dimer signal indicating the potential release of smaller peptide
species from larger oligomers or peptide:metal assemblies in these formulations. As
aforementioned, many factors likely contribute to the formation and maintenance of these
peptide:metal complexes and the nature of complex formation cannot be confirmed via IM-
MS analysis. However, basic chemistry principles still provide valuable insight on how these
metal ions could be interacting with the peptide to form peptide:metal complexes and why

certain metal ions demonstrate different complex formation behaviours.

Since all four of the metals in Fig. 3.8 have a 2+ charge ion and a negative standard
reduction potential (see Table S3.3 in supplementary data), these charged metal ions are
unlikely to reduce to form neutral metals. This, in turn, allows for the interaction of the peptide
with the 2+ charged metal ions to form the triply charged complexes, as shown in Figs. 3.5
and 3.6. Iron has the least negative reduction potential (-0.44 V) of the four metal and is
therefore more likely to reduce and form doubly charged peptide:metal complexes with
neutral metal [M+Fe+H]?>* as detected via IM-MS and shown in Fig. 3.6b. Fe?* is closely
followed by Zn?* (-0.76 V), then Mg?*(-2.37) and finally Ca?*(-2.87). Moreover, magnesium
and calcium are both group two alkaline earth metals with an electronegativity of 1.31 and
1.0, respectively. Whereas iron is a transitional metal and zinc a post-transitional metal with
electronegativities of 1.83 and 1.65, respectively (see Table S3.4 in supplementary).
Magnesium and calcium, with the lower electronegativity, are therefore more likely to share
electrons, maintaining the peptide:metal complex and allowing the coordinate bonding of
these metals [56,57] Since the electronegativity and ion size maintain an inverse
relationship, increasing electronegativity with decreasing atomic/ion radii due to higher

electron density, the role of electronegativity and atomic/ion radii is treated as one. These
3-21



Stellenbosch University https://scholar.sun.ac.za

basic principles of metal electronegativities and reduction potentials driving complex
formation, although unconfirmed, is explored further with the group 11 metals discussed
below and agrees with the principles applied and observed in the fabrication of peptide-

metal nanopatrticles (Chapter 4).

3.4.5.1 Exploring the interaction or Trc mix peptides with group 11 metals: Cu?* Ag*
and Au®*

Formulations with the group 11 metals copper (Fig. 3.9A), silver (Fig. 3.9B) and gold (Fig.
3.9C) demonstrated changes in peptide monomer and dimer signals yet all three
formulations lacked triply charged peptide:metal complexes. Interestingly, all three group 11
metals have higher electronegativities than zinc, iron, calcium, and magnesium. The large
electronegativities suggest that these group 11 metal ions would rather ‘steal’ electrons to
form neutral atoms than maintain peptide-metal complexes. The lack of complexes can
therefore be expected. However, the changes in the dimeric and monomeric signal in the
absence of peptide:metal complexes with increasing metal concentration implies that these
metal ions still influence peptide oligomerisation in a different manner than the doubly
charged metal ions discussed above. The group 11 metal ions used in this study each differ
by one charge Ag*, Cu?* and Au®*. It is important to reiterate that peptide:metal complex
formation and complex stability as well as accurate identification of such complexes is highly
dependent on the oxidation state and stability of the metal ion. As discussed in section 3.4.4
it was assumed that the charge of the peptide:metal complex [M+MetaltH]%* is carried either
by the peptide, the metal or both. For the doubly charged peptides (Mg?*, Ca?*, Fe?* and
Zn?*) above, the formation of triply charged [M+Metal?*+H]** complexes with 2+ metal ions

were confirmed via IM-MS analysis as shown for the example of iron in Figs. 3.5 and 3.6.

Since each of the group 11 ions investigated had different charges, different potential triply
charged peptide:metal complexes were expected for each. For example, silver could form a
triply charged complex with a neutral silver atom [M+Ag+3H]** or charged ion [M+Ag*+2H]>*.
Meanwhile, gold (lll) was expected form complexes similar to iron which has two major
oxidation states (+2 or +3), while copper was expected to form complexes like Mg?*, Ca?*,
and Zn?*. Only triply charged peptide:metal complexes were considered for this study and
were not detected for the group 11 metals. Nonetheless, the oxidation state of the metal ion
still provides valuable insight on how these metal ions may interact with the peptide without
forming peptide:metal complexes. The chemical properties and electronegativities of the

metal salts are summarised in Table S3.3 and Table S3.4 in supplementary data. Copper
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and silver have minor difference between their electronegativities, 1.90 and 1.93,
respectively and exhibited similar signal contribution trends with an initial decrease in
monomers [M+H]* and dimers [2M+2H]?* followed by increase and then a gradual decrease
again. However, much like iron and zinc, the overall signal contribution of either formulation
differed greatly. Copper demonstrated an overall gain in monomer and dimer signal
(Fig. 3.9A) whereas silver demonstrated an overall loss (Fig. 3.9B). This is further illustrated
with the IM-MS profile comparison of the 1:2 formulations of copper (Fig. 3.9D) and silver
(Fig. 3.9E) against the 50 uM Trc mix control (green) where copper (blue) had a higher ion
signal than peptide alone for both matured and fresh samples while silver (grey) has a
maintained a lower ion signal. Like calcium and magnesium, gold led to an inverse
relationship between the oligomers. However, in the case of gold (Fig. 3.9C), the decrease
in monomer signal contribution is not mirrored by an increase in peptide:metal complexes
but rather peptide dimeric species in the fresh formulation (solid line). Gold has the largest
electronegativity (2.54) throughout the selection of metals used in this study (Table S3.4)
and showed the lowest contribution of monomeric peptide (<5%) mirrored by an increase in
dimeric peptide (18.2%) for fresh formulations at a 1:2 peptide:metal ratio. However, the
matured sample sustained a trend resembling that of fresh silver formulations (Fig. 3.9B),
with the loss of monomer and dimer contribution as the concentration of gold increases. A
reminder that the percentage contributions of each peptide species is relative to the sum of
signal intensities for the selected peptide oligomers analysed. Even though Fig. 3.9F shows
an overall higher ion signal for dimers (drift time at 7.84) in the 1:2 matured gold sample, the
contribution of dimers to the sum of species investigated within the sample is less (14.4%)
than the fresh sample (18.2%). It can therefore be noted that the maturation of samples
increases the overall prevalence of monomers and dimers, yet the contribution of dimers
within the sample may still be less than the fresh. The same principle applies to all

comparisons between matured and fresh samples.

The IM-MS ion profile of silver (Fig. 3.9E) and gold (Fig. 3.9F) showed a loss in signal of the
singly charged monomeric (11.88 drift time) and doubly charged dimeric (7.48 drift time) drift
peaks associated with a slight shift in peptide fragments at 5.94 drift time for formulations
with 100 uM metal. Both silver and gold have an overall signal contribution below that of the
50 uM Trc mix control with gold having a near complete loss of signal for monomeric species
in the fresh formulation. The maturation (dotted line) of silver and gold formulations led to
overall an increase in monomer dimer signal. However, both matured samples still showed

a lower ion signal compared to the matured peptide alone. Matured silver formulations
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showed an overall gain in monomer and dimer contributions compared to fresh samples.
However, gold showed a gain in monomer and a loss in dimer contributions at higher metal
concentrations compared to the fresh samples. It should be noted that solutions of gold (lII)
chloride are known be relatively unstable and readily reduced to metallic gold [58,59]. The
instability of gold in solution could potentially disrupt peptide oligomers and structure
integrity, resulting in a higher prevalence of peptide fragments as suggested by the
broadened peak at 5.94 drift time for the fresh samples and more defined peptide fragment
peak in the matured samples. The same applies to silver which also readily reduces.
Unfortunately, such peptide fragments could have overlapping species masses and drift
times with the peptide dimers and monomers. The increased prevalence of peptide
fragments could therefore be masked by or contribute to the peptide monomer and dimer
signal. Careful consideration was therefore taken in selecting, analysing and calculating
contributions using peptide species mass ranges to minimise this shortcoming. Nonetheless,
the broadening of peaks does make the accurate differentiation challenging. The larger
dimer signal contributions for gold and silver could, although minimal, still be attributed to
the increased prevalence of peptide fragments. However, the overall loss of monomers and
dimers in the absence of triply charged peptide:metal complex formation still suggests that
the formulations with these metals either promotes peptide self-assembly into higher order
structures and/or the disruption or modification of these smaller peptide oligomers.
Moreover, the readiness of these metals to reduce is promising for the fabrication of metal

nanoparticles.

Au®* has the largest positive reduction potential (+1.50 V) amongst all the metals selected
for this study (see Table S3.3). Gold is therefore a strong oxidising agent that would readily
gain electrons to form a neutral metal atom. The same applies for silver with a standard
reduction potential of (+0.96 V). The readiness of gold and silver to reduce, and
subsequently nucleate, allows for the formation of metal nanopatrticles in the presence of a
reducing agent. The overall loss of monomer and dimer signal for gold and silver suggests
that the peptide is acting as a reducing agent allowing the reduction of the charged metal
ions. The absence of peptide:metal complexes can therefore be attributed to the nucleation
of neutral metal atoms and the formation of metal nanoparticles. Pilot studies confirmed that
gold and silver nanoparticles were formed in formulation with Trc mix (data not shown).
Moreover, previous studies have successfully fabricated of metal nanoparticles using
peptides as reducing agents [60—64]. Like silver and gold, copper has a positive reduction

potential. However, copper’s reduction potential to form a neutral metal ion (+0.34 V) is
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higher than that of silver and gold. Copper is therefore less likely to interact and be reduced
by the peptide. The IM-MS ion profile of copper (Fig. 3.9D) showed that the signal
contribution of peptide monomers and dimers for the 1:2 formulation with copper is higher
than that of the Trc mix control for fresh and mature samples This could be due to the release
of monomeric and dimeric species via the disruption of larger oligomers as theorised and

illustrated for metal +2 ion formulations in section 3.4.5.

Fig. 3.10 tracks the changes in prevalence of the peptide analogues within the monomeric
drift peak (11.88 ms) for Trc mix (A), copper (B), silver (C) and gold (D). By tracking these
changes, insight can be gained on how and which peptide analogues are interacting with
the metal ions. Only the mass spectra of the matured samples are shown as they had well
defined ion mobility peaks. In Fig. 3.10 the Trc mix control and copper formulation follow
similar trends with YB analogues having the highest signal contribution. Although silver and
gold both showed an overall loss in signal contribution for the monomeric species compared
to the Trc mix control (Fig. 3.9), the loss of certain peptide analogues was greater than
others for each metal. Silver (Fig. 3.10C) showed a lower contribution for A, B1 and C
analogues, and gold (Fig. 3.10D) for B and C analogues. These findings propose that each
metal had distinct preferences for certain peptide analogues. The loss of C and A analogues
with the silver formulations was of particular interest due to the differences in the aromatic
dipeptide structure between the three analogues. The A analogues, Cyclo-(fPFINQYVOL),
have phenylalanine residues at position 3 and 4 whereas the C analogues, Cyclo-
(fPWwWNQYVOL), have bulkier tryptophan residues. Meanwhile, TrcB has a phenylalanine
at position 3 and tryptophan at position 4. The TrcB analogues, YB and YB: differ from one

another by only a lysine/ornithine at position 7.

Interestingly, TrcA and TrcC have shown to self-assemble and form large ion-conducting
pores capable of passing large organic molecules through the phospholipid bilayer of
bacterial cells. It has also been proposed that the stable amphipathic dimer structures of
these tyrocidines may act as seeding active structures allowing the peptide to interact with
target membranes [5,50,65]. The loss in monomer and dimer signal for silver could therefore
be due to the self-assembly of TrcC and TrcA into these higher order structures capable of
interacting and transporting silver ions. Chapter 4 explores the biophysical and antimicrobial
characterisation of silver formulations with the tryptophan rich C analogues TrcC and TpcC.
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Figure 3.9 Percentage of IM-MS signal contributions of singly charged monomers and doubly charged dimers for fresh (solid line) and
matured (dotted line) Trc mix formulations with increasing molar concentrations of metal salts including: CuCl2 (A), AgNOs (B) and HAuCl4
(C). IM-MS profile showing signal (y-axis) and drift time (x-axis) of monomers (11.88) and dimers (7.48) for 50uM Trc mix (green) and
formulations with 200 uM (1:2 peptide:metal ratio) of CuClz (D) in blue, AgNOs (E) in grey and HAuCl4 in pink (F). The solid lines show the
trend of fresh samples, while the dotted lines show the trends of 24 hour matured samples.
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Figure 3.10 ESI-MS showing the monoisotopic monomer mass (x-axis) for the singly
charged monomers (drift time 11.88) highlighting the change in percentage signal (y-axis)
of the A (blue), B (green) and C (red) analogues for 50 uM Trc mix (A) and formulations with
100 uM of the group 11 metals copper (B), silver (C) and gold (D).

Formulations with gold showed the introduction of unidentified peptide masses, likely that of
damaged peptides or peptide adducts. This agrees with the broadened and increased
prevalence of the IM-MS peak (drift time of 5.94) in both fresh and matured samples (Fig.
3.9F). Although gold is a noteworthy candidate for nanoparticle fabrications, it is a highly

reactive and expensive metal and was therefore not used for the studies in Chapter 4.
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3.5 Conclusions

The IM-MS analysis of peptide:metal formulations in this study revealed that the formulation
of tyrocidines with select metals alters the peptides’ self-assembling behaviour to favour
different oligomers in the presence of different metals. The influence of the selected metals
and their concentration on the oligomerisation of the tyrocidines was investigated by tracking
the percentage signal contribution of the different ionic species at the different peptide:metal
ratios (4:1,2:1, 1:1, 1:2 and 1:4). Formulation of Trc mix with doubly charged metal ions
(Mg?*, Ca?, Fe?* and Zn?*) allowed the formation of triply charged peptide:metal
[M+Metal?*+H]** complexes at 2.09 drift time. The formation of stable peptide:metal
complexes is multifaceted and the conditions under which peptide:metal complexes form
cannot be confirmed via the IM-MS analysis in this study. However, the detection and
accurate identification of such complexes is supported by isotope models. Complexes were
also detected via IM-MS after four-hour maturation of the formulations, indicating that the
peptide:metal complex structures are stable and maintained over time. Moreover, increasing
concentrations of metal led to an increase in the respective peptide:metal complex signal
contribution. This observation indicates that the formation of peptide:metal complexes
influence or is influenced by the formation and/or breakdown of peptide oligomeric species.
Larger peptide oligomers could be disrupted to release smaller oligomers to be incorporated
in the peptide:metal complexes or smaller peptide oligomers could be incorporated to form
larger oligomers with peptide:metal complexes incorporated into the higher order structures.
However, the loss in monomers and dimers and peptide:metal complexes suggests that the
monomeric and dimeric species participate in the formation of peptide metal complexes. The
experimental m/z values observed for the triply charged complexes in the ESI-MS spectra
matched the theoretical values for peptide monomer and metal ion combinations
[M+Metal>*+H]** confirming the uptake of peptide monomers to form peptide:metal
complexes. The assembly of metals with peptide dimers could perhaps lead to larger higher
order structures. Again, the complexity of these larger oligomers makes it difficult to
differentiate and identify complexes even with IM-MS and was therefore not considered in

this study.

Interestingly group 11 metals did not form peptide:metal complexes that could be detected
with IM-MS, even after maturation of the samples. However, these formulations did show
changes in the monomer and dimer signal in the absence of complexes. Formulations of

gold showed a higher prevalence of peptide fragments indicating a disruption in peptide
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oligomers and structure integrity likely due to the high reactivity of gold in solution [58,59].
Gold and silver both have positive reduction potentials and likely reduce to form a neutral
metal atom in the presence of the tyrocidines. Pilot studies confirmed that the tyrocidines
can act as reducing agents for the formation of gold and silver nanoparticles (data not
shown). Moreover, these findings agreed with that of previous studies that have confirmed
the formation of metal nanoparticles using tryptophan and tryptophan-rich peptides [60—64].
The overall loss of monomer and dimer signal for gold and silver can therefore be attributed
to the oxidation of peptide and the absence of peptide:metal complexes can be attributed to
the nucleation of neutral metal atoms and the formation of metal nanoparticles. Monomeric
species losses showed preferences for certain peptide analogues (Fig. 3.10), namely TrcA
and TrcC. These preferences indicate that certain peptide analogues may play a greater
role in the reduction and fabrication of gold and silver nanopatrticles, as well as the changes
in peptide oligomer profiles for these group 11 formulations. The IM-MS analysis of
peptide:metal formulations therefore gave valuable insights on the interactions between
peptide and metal, and how such interactions may dictate peptide oligomerisation and
therefore activity. The potential to fabricate metal nanoparticles using the tyrocidines is
promising for future applications in bio-nanomaterials. The biophysical and antimicrobial
properties of the peptide formulations with the group 11 metals were therefore investigated

further in Chapter 4.
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3.7 Supplementary data

Table S3.1 Summary of the theoretical masses (Da) for monomeric species of the six
major tyrocidines present in Trc mix.

Monomeric Species Masses (Da)

Peptide  Theoretical Mr  Singly Charged  Doubly Charged  Triply Charged
Identity M [M+H]* [M+2H]?* [M+3H]3*
YA 1269.6546 1270.6624 635.8351 424.2260
YAL 1283.6703 1284.6781 642.8430 428.8979
YB 1308.6655 1309.6733 655.3406 437.2297
YB:1 1322.6812 1323.6890 662.3484 441.9015
YC 1347.6764 1348.6842 674.8460 450.2333
YC1 1361.6921 1362.6999 681.8539 454.9052
3.7.1 CCS calibration curves and calculations
— T, Equation S3.1
b0 1000
) Equation S3.2
QI —_
z X 1/u
A. B

8.0 T 7007 4 - .
In(Q") =0.500In(t')y) + 6.317 Q =534.51", + 12.09
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Figure S3.1 Linear CCS calibration curves constructed according to Ruotolo et al. [31]. A.
The charge corrected CCS (In Q') plotted against the corrected drift time (In t'D) for polyAla
species with the equation of the linear fit (In(Q’) = XInt'p) + A) and correlation coefficient (R?)
denoted in the upper left corner. B. The CCS areas (Q) of poly-Ala species obtained from
literature [REF WR 68] plotted against the doubly corrected drift time (t"p) values of the
observed poly-Ala species with the equation of the linear fit (Q= X(t"p) + A) and correlation
coefficient (R?) denoted in the upper left corner.
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Table S3.2 The average CCS areas of the ionic species for the major peptides in Trc mix
as determined from their drift times using the poly-Ala calibration curve. The CCS areas
were determined from two repeats and the standard deviation (SD) is given. The ionic
species summarised include monomers [M+H]*, doubly charged monomers [M+2H]?* and

dimers [2M+2H]?*.

Peptide Variable amino

CCS Q (A2) + SD

Identity AbbrA acid residues® [M+H]* [M+2H]%* [2M+2H]?*
TrcA YA F3-f4-y7 359+2 389+0 553 + N/A*
TrcB YB W3-f4-Y7 362+0 395+0 559 +3
TrcC YC W3-wA-Y7 369+1 394+ 0 576 + 3

aThe first letter in the abbreviations refers to the amino acid residues phenylalanine (Phc/F), tyrosine (Trc/Y) and tryptophan

(Tpc/W) at position seven of the Trcs.

bConventional one-letter abbreviations for variable residues with lower- and upper-case letters representing D-amino and

L-amino acids, respectively. Residue position indicated in superscript.
* SD not applicable due to absence of dimers species [2M+2H]?* in repeat.

3.7.2 Metal properties and peptide:metal complexes

Table S3.3 Standard reduction potential (E°V) at 25°C for select metals adapted from

Chang [66]

Increasing strength as oxidising agent —

Half-Reaction E°(V)
Au*(aq) + 3e” > Au(s) +1.50
Cly(g)+ 2e” > 2ClI(aq) +1.36
NOs'(aq) + 4H*(aq) + 3e" = NO(g) +2H,0 +0.96
Ag*(aq)+ e > Ag(s) +0.80
Fe3*(aq) + e > Fe?*(aq) +0.77
Cu*+2e > Cu +0.52
Cu?*(aq)+ 2e” = Cu(s) +0.34
AgCl(s) + e* > Ag(s) + Cl(aq) +0.22
Cu? (aq) + 2e" - Cu*(aq) +0.15
2H*(aqg) + 2e" > Ha(g) 0.00

Fe? (aq)+ 2e” > Fe(s) -0.44
Zn* (aq)+ 2e > Zn(s) -0.76
Mg%(aq) + 2e” > Mg(s) -2.37
Ca’*+2e > Ca -2.87

«— juabe Buionpas se Yibuaus Buisealou|

These are the standard state values for all half-reactions at a concentration of 1M for

dissolved species and a pressure of 1 atm for gases.
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Table S3.4 Summary of characteristics of metal salts selected for formulations with peptide (adapted from Chang [66]).

Metal Oxidation Atomic Electronegativity Atgmic Ignic First ionisation energy Chloride Nitrate
States? Mass (u) (Pauling’s Scale) Radius (A) Radius (A) (kcal/g.mol) Salt Salt
Mg +2 23.9850 1.31 1.6 0.7 176.0 MgCl Mg(NOs),
Ca +2 39.9626 1.00 2.0 1.0 141.0 CaCl Ca(NOs)2
Fe +2,+3 53.9396 1.83 1.3 0.8 182.0 FeCl; -
Cu +2,+3 62.9296 1.93 1.3 0.7 178.0 CuClI2 -
Ag +1 106.9051 1.90 14 1.3 175.0 AgNOs
Au +1,+3 196.9666 2.54 15 14 213.0 HAuUCI,4 -
Zn +2 63.9291 1.65 1.4 0.7 216.0 ZnCl; -
Table S3.5 Summary of theoretical monoisotopic peptide:iron and ion complex masses for tyrocidine analogues in Trc mix
Theoretical Monomeric Petide:Metal Complexes
Clge”:ft’ilglx FA YA YA YB YB: YC YC WA WA WB WB: wC WC;
[M+Metal] (mass)
SFe 1307.6  1323.6 1337.6 1362.6 1376.6 1401.6 14156 1346.6 1360.6 1385.6 1399.6 14246  1438.6
Doubly Charged [M+Metal + nH]?* (m/z)
SFe 654.8 662.8 669.8 682.3 689.3 701.8 708.8 674.3 681.3 693.8 700.8 713.3 720.3
S4Fe2* 653.8 661.8 668.8 681.3 688.3 700.8 707.8 673.3 680.3 692.8 699.8 712.3 719.3
Triply Charged [M+Metal + nH]** (m/z)

SFe 436.9 442.2 446.9 455.2 459.9 468.2 472.9 449.9 454.5 462.9 467.6 475.9 480.6
SFe?* 436.2 441.5 446.2 454.5 459.2 467.5 472.2 449.2 453.9 462.2 466.9 475.2 479.9
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Table S3.6 Summary of the theoretical and experimental triply charged peptide:iron and
chloride complex masses (m/z values) for tyrocidine analogues found in Trc mix.

Peptide:lron Complex [M+Metal] Mass (Da)

Compl

ex

Identity

FA
YA
YA:1
YB
YB:1
YC
YC1
WA
WA
WB
WB:1
wC
WC,

54|:e 56|:e 57Fe 58Fe

53.9 55.9 56.9 57.9
1307.6 1309.6 1310.6 1311.6
1323.6 1325.6 1326.6 1327.6
1337.6 1339.6 1340.6 1341.6
1362.6 1364.6 1365.6 1366.6
1376.6 1378.6 1379.6 1380.6
1401.6 1403.6 1404.6 1405.6
1415.6 1417.6 1418.6 1419.6
1346.6 1348.6 1349.6 1350.6
1360.6 1362.6 1363.6 1364.6
1385.6 1387.6 1388.6 1389.6
1399.6 1401.6 1402.6 1403.6
1424.6 1426.6 1427.6 1428.6
1438.6 1440.6 1441.6 1442.6

A

2000

miz

Fresh

1000

500
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1500
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Matured
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500 -

50uM Trc mix:25 pM FeCl,
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Figure S3.2 Comparison of IM-MS DriftScope profiles of fresh (A and B) and 4hr matured
(C and D) Trc mix formulations at the peptide:metal ratio (2:1) with 25 uM FeClz and highest

peptide:metal ratio (1:4) with (A and B) and 200 uM (B and D).
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Chapter 4

Biophysical and bioactive properties of tyrocidine
nanoformulations with group 11 metals

4.1 Introduction

The stagnated discovery of novel drug classes and the ever-growing dilemma of
antimicrobial resistance has prompted researchers to reconsidered, modify, and improve
currently available antimicrobials to develop novel drugs or drug applications with activity
against drug resistant pathogens and/or a low risk of resistance development in future [1,2].
Moreover, the application new and improved development tools, such as nanotechnology,
shows promise for the fabrication of novel drugs and drug therapies even with older
antimicrobials. In general, antimicrobial peptides have shown great promise as alternative
drug treatments due to their multiple modes of action and unlikelihood to have resistance
developed against them. Additionally, advances in nanotechnology have highlighted the
potential of metal nanoparticles (MNPs) for the fabrication and development of novel nano-
drugs and delivery systems [3]. The rapid synthesis of metal nanoparticles via chemical
reduction and photoinduced electron transfer (PET) has been extensively studied,
particularly for the incorporation of MNPs in nano-polymers and other nanomaterials for
improved biological and/or antimicrobial applications [4-6]. Recently, combinational
therapies of AMPs and MNPs have gained interested as the hybridisation these two agents
holds the potential for the development of novel nano-drugs and the revitalisation and/or
improvement of currently available drugs and drug therapies [3,7]. Moreover, the green
synthesis of MNPs via the reduction by AMPs, and the subsequent formation of antimicrobial
peptide-metal nanoparticle (AMP-MNP) hybrids has recently gained interest due to their
combined physiochemical, optical, and antimicrobial properties.

Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E.
coli) are two often harmless, but ever-present bacterium commonly found in humans the
surfaces or environments they interact with [8,9]. Unfortunately, like many opportunistic
pathogens, the imbalance, pathogenesis, and contamination of these organisms may lead
to lethal infections. Moreover, the contamination of foods and food contact surfaces could
lead to crop spoilage and disease spread. A growing concern with both S. aureus and E. coli
as pathogens is the prevalence of drug-resistant strains and the role of these pathogens in
the development of biofilms which challenge the effective treatment of these pathogens .

Moreover, the steady decreased sensitivity of S. aureus and E. coli towards commonly used
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B-lactams class of antibiotics over the years is great cause for concern and demands the

development of a novel antibacterial drug therapy against these common pathogens.

In this study the antimicrobial drug Tyrothricin is revisited. Particularly the group of
antimicrobial cyclic decapeptides (CDPs) naturally produced by the tyrothricin complex, the
tyrocidines and tyrocidine analogues. Although these cyclic-peptides have shown to be
potent antimicrobials against a broad range of microorganisms including drug resistant
pathogens, previous investigations have reported poor activity of tyrocidine peptide mixtures
and single analogues against Gram-negative E. coli [10-13]. Conversely, some of the group
11 metals, namely copper [14-17], silver [16,18-20], and gold [20,21] have shown
antimicrobial activity against both S. aureus and E. coli. Many studies have successfully
synthesised metal nanoparticles using antimicrobial peptides and amino acid residues often
assisted by PET via sample irradiation. Such studies have indicated that tryptophan and
tryptophan-containing peptides assist the reduction of free metal ions and stabilisation of
subsequent metal nanoparticles [6,22,23]. Moreover, the interactions between and
encapsulation of metal nanoparticles during the peptide self-assembly has shown promising
alterations in drug delivery systems [24,25]. In this study the potential of the tryptophan-rich
tyrocidines (TrcC and TpcC) and tyrocidine mixtures (Trc mix) to act as a reducing and
stabilising agent for the fabrication of metal nanoparticles, particularly those of the with the
group 11, metals were investigated to improve the antimicrobial activity of the peptides
towards Gram-negative E. coli. Formulations of each peptide with the group 11 metals were
optimised to induced nanoparticle fabrication and the successful fabrication of
cyclodecapeptide-metal nanoparticle (CDP-MNP) nanoformulations was characterised and
confirmed using an array of biophysical analysis including UV-Vis spectrophotometry,
fluorometry and electron microscopy. The antimicrobial activity of CDP-MNP
nanoformulations against both S. aureus and E. coli were tested via solid surface assays to
determine the viability of CDP-MNP nanoformulations for future antimicrobial surface

applications.

4.2 Materials

Gramicidin S, tyrothricin and gentamicin was supplied by Sigma (St. Louis, MO, USA). Trc
mix, pure TpcC (>95% purity) and pure TrcC as determined by ultra-performance liquid
chromatography linked to mass spectrometry as described in Chapter 2. Analytical grade
ethanol (EtOH) was supplied by Merck (Darmstadt, Germany). Analytical grade water (MilliQ
water) was prepared by filtering water via a reverse osmosis plant using a Millipore-Q®
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water purification system (Milford, USA). 300 mesh carbon coated grids were purchased
from Agar Scientific Ltd. (Stansted, UK). Gold (lll) chloride (HAuCls) of 99.9% purity was
supplied by Sigma-Aldrich (St. Louis, USA). Copper chloride (CuCl2) and silver nitrate
(AgNO3) of 99.9% purity were supplied by Merck (Darmstadt, Germany). Agar, yeast extract,
tryptone, Na2HPO4, and KH2POs4 were also supplied by Merck (Darmstadt,
Germany).Sigma-Aldrich (St. Louis, MA, USA) supplied resazurin sodium salt. Black 96-well
polystyrene plates and sodium chloride was supplied by Merck (Wadeville, South Africa).
Greiner 96 Well UV-Star® Microplates and petri dishes were obtained from Lasec (Cape
Town, South Africa). Clear 96-well microplates were supplied by Thermo-Fisher Scientific
(Waltham, MA, USA) and sterile Falcon® tubes by Becton Dickson Labware (Lincoln Park,
USA). Laboratory strains of Staphylococcus aureus RN4220 and Escherichia coli ATCC
13076 were obtained from the BIOPEP culture collection (department of Biochemistry,
Stellenbosch University).

4.2.1 Peptide-metal formulation and nanoparticle fabrication

The peptides selected for the formulations include Trc mixture (Trc mix) containing
predominantly TrcA, TrcB and TrcC and their Lys-analogues and pure (>90% purity) TpcC
and TrcC purified in Chapter 2. All peptide was formulated with a silver nitrate (AgNOs3) in
an array of peptide:metal molar ratios (4:1, 2:1, 1:1, 1:2,1:3 and 1:4). All peptide:metal
formulations had a final solvent composition of 15 % (v/v) EtOH-water (v/v). The selected
peptides were dissolved to 200uM in 60 % EtOH-water (v/v) (organic shock) and sonicated
before being added to metal salt solution. All metal salts were dissolved in analytical quality
water (Milli-Q water) to the different concentrations required for formulations of different
molar ratios. The peptide:metal formulation at a solvent composition of 30 % EtOH-water
(v/v) was either irradiated (IR) or not irradiated (NonIR) before being double diluted down to
the final peptide:metal concentrations and solvent composition of 15 % EtOH-water (v/v). All
samples were kept in covered or amber vials to minimise light exposure outside of irradiation
with green laser. To limit the influence of residual contaminants such as detergents on the
formulations, only pyrolysed glassware and ultra-high purity solvents were utilised in the
preparation of the formulations. Selected peptide:metal formulations were irradiated
between 10 to 30 minutes or until a visual colour change was observed using a green laser

at 532 nm to allow photoinduced nanoparticle formation.
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4.2.2 UV-Visible and Fluorescence spectroscopy

Peptide-metal nanoformulations were prepared as described above (see 4.2.1). To confirm
the presence or absence of a surface plasmonic resonance (SPR) bands in formulations
was confirmed via UV-visible (UV-Vis) spectrophotometry. A doubling dilution series of the
peptide, metal and nanoformulation solutions were prepared in duplicate in 96 well microtiter
plates (with a minimum working volume of 200 uL) and analysed via UV-vis
spectrophotometry using a Tecan Spark 10M Multi-mode Microplate Reader controlled by
the Spark Control™ software (Tecan Group Ltd, Mennedorf, Switzerland) at ambient
temperatures across 200 nm to 800 nm with a bandwidth of 3.5 nm. Fluorescence was
performed on a Varioskan 3.01.15 instrument, controlled by SkanIT Software 2.4.3 (Thermo-
Fischer Scientific, Waltham, MA USA). The excitation wavelength was 280 nm and emission
were collected from 295 nm to 450 at 100 ms intervals with wavelength step size of 1 nm
and bandwidth of 5 nm. Data collected was analysed with GraphPad Prism® V 6.0.

4.2.3 Electron Microscopy

For both scanning transmission electron microscopy (STEM) and transmission electron
microscopy (TEM), 2 uL of freshly prepared sample was placed on a 300-mesh carbon
coated copper grid and dried under vacuum in a desiccator. All STEM images were recorded
under high vacuum mode using high resolution scanning transmission electron microscope
dual beam system (Zeiss MERLIN FEG SEM, Zeiss, Oberkochen, Germany) operating at
WD of 3.8-3.9 mm and EHT of 20 kV with a 200pA probe and 5 diode STEM detector. STEM
microscopy was performed at Electron Microscopy Unit of the Central Analytical Facility
(Stellenbosch University, South Africa).

4.2.4 Culturing of target organisms

A freezer stock of S. aureus RN 4220 and E. coli ATCC 13076 were streaked out onto LB
agar plates (0.5% m/v yeast extract, 1% m/v NaCl, 1% m/v tryptone and 1.5% m/v agar in
water) and incubated at 37°C for minimum 24 h until defined colonies formed. Starter
cultures were made by inoculating 3 mL of LB growth medium with 3-5 colonies of the target
organism and incubated at 37°C shaking (150 RPM) at an angle overnight. Subcultures (1%)
were made from the starter culture into 6 mL of fresh LB media and incubated at 37 °C by
shaking at 150 RPM at an angle until the mid- exponential growth phase was reached for
each organism. The cell concentration for each organism at the mid-exponential growth

phase was determined using classical plate counts. The optical density (OD) was
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determined at 600 nm with a path length of 1.0 cm. S. aureus (OD = 0.30; + 1.4 x 108
cells/mL and E. coli (OD = 0.40; 4 x 107 cells/mL).

4.2.5 Solid surface antimicrobial and synergism assays

The resazurin solid surface antimicrobial assay was adapted and performed according to
van Rensburg et al.[26] All peptide-metal nanoformulations were prepared as described
above (see 4.2.1). Formulated peptide:metal preparations in a final solvent concentration of
15% EtOH-water in water were transferred directly into 96-well plates followed by an
overnight drying step under vacuum. A 10 pL aliquot of subculture for each respective target
organism was transferred to each well of the 96-well plates and incubated for an hour at
37°C. Media served as a sterility control while gramicidin S and gentamycin served as a
positive inhibition controls against S. aureus and E. coli, respectively. After incubation 90 pL
PBS (phosphate buffer saline) followed by 10 pL resazurin dye (0.30 mg/mL in PBS) was
added to each well and incubated covered for 90 min at 37°C. Fluorescence readings were
recorded via Tecan Spark 10M Multi-mode Microplate Reader controlled by the Spark
Control™ software, (Tecan Group Ltd, Mennedorf, Switzerland) with excitation set at 530
nm and emission at 590 nm. The percentage metabolic inhibition, based on resorufin
fluorescence (FS), was calculated as shown in Equation 4.1. Readings were taken at time
points selected for optimal resazurin conversion for each target organism as described in

van Rensburg et al. [26]. All data collected was analysed using GraphPad Prism® V 6.0.

Growth Inhibition of Target Organism (%) Equation 4.1

FS of sample — FS of avg blank
x 100

~ FSof growth control — FS aveg blank

The combinatorial effect between peptide and silver was assessed via the comparison of
ICs0 values of peptide and silver alone and in combination. The fractional inhibitory
concentration index (FICI) was calculated using the Equation 4.2 where Caand Cs are the
ICsos of the peptide and silver alone and Cas and Cega are the ICso’s of the combination of
the two agents in the peptide:Ag* formulation. A FIC index of <0.9 was defined as
synergism, >0.9 to 1.1 as additive, and > 1.1 as antagonistic [27] Also refer to discussion
below for more details.
Cga Equation 4.2

C
FIC index = Cij + -
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4.3 Results and Discussion

In Chapter 3 the interactions between tyrocidines and different metals were reported for an
ion mobility mass spectrometry (IM-MS) investigation. Results from the IM-MS analysis
indicated that formulations of Trc mix with copper, silver and gold altered the oligomerisation
behaviour of the tyrocidines without forming peptide-metal complexes. A loss of monomers
and dimers suggested that these species interact with the group 11 metals in a different
manner, likely reducing metal ions to form metal nanoparticles. The potential of tyrocidines
to aid nanoparticle formation is promising for the synthesis of AMP-MNP nanoformulations
and the development of potent antimicrobial agents. In this study the fabrication of
nanoparticles using Trc mix and tryptophan-rich C analogues (TpcC and TrcC) with the
group 11 metals was optimised and characterised to determine the potential for such

formulations as novel antimicrobial agents.

4.3.1 Bioactivity of Trc mix formulations with selected group 11 metals

Formulations of Trc mix, TrcC and TpcC with the group 11 metals of different peptide and
metal concentrations were tested against S. aureus to screen for peptide:metal formulations
with promising antimicrobial characteristics. Since irradiation of metal salts in the presence
of reducing agents have shown to allow the photo-induced (via PET) and accelerated
fabrication of metal nanoparticles, irradiated and non-irradiated formulations were
investigated [4,24]. Formulations at different peptide:metal ratios (1:1, 1:2 and 1:4) of
12.5 uM Trc mix (green) with silver (grey), copper (blue) and gold (pink) are shown in
Fig. 4.1A. Trc mix alone showed 100% inhibition of S. aureus metabolism at 12.5 uM. All
peptide-metal formulations, except that of gold, showed 100% inhibition of S. aureus
irrespective of sample irradiation (Fig. 4.1A). Both irradiated (IR) and nonirradiated
formulations with gold (Trc mix:Au®*) exhibited significant losses in activity at a 1:4
peptide:metal ratio compared to copper and silver as indicated on Fig. 4.1A. Considering
the increased prevalence of peptide fragments at higher concentrations of gold observed in
Chapter 3, the loss of activity at the 1:4 ratio could be due to the disruption of peptide integrity
due to the high reactivity of gold [28,29]. Irradiation of gold formulations may accelerate gold
neutralisation, nucleation, and subsequent fabrication of gold nanoparticles. Therefore,
reducing peptide disruption and maintaining better activity as seen for the irradiated samples
of gold, Trc mix:Au3* (IR). Controls of the group 11 metals alone showed poorer activity
against S. aureus than the peptide:metal formulations, as can be expected due to the high

potency of Trc mix against S. aureus.
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Figure 4.1 Inhibition of S. aureus by irradiated (IR) and non-irradiated formulations. In (A)
the inhibition of formulations of 12.5 uM Trc mix with silver (grey), gold (pink) and copper
(blue) salts are shown at different Trc mix: metal ratios of 1.1, 1:2 and 1:4. In (B) the inhibition
of metal salts at different concentrations and peptide at 12.5 uM are shown. Each bar
represents the mean with standard error of the mean (SEM) shown in (A) [n=6-8] and (B)
[n=6-8]. Comparison of mean inhibition for the different peptide:metal formulations was
performed via Two-way Anova Bonferroni multiple comparison test and indicated where
P<0.001 (a, b, c and d), P<0.01 (e, f and g) and P<0.5 (h and i).

However, the inhibition of S. aureus by group 11 metals did show a dose response where
increasing metal concentrations resulted in increased S. aureus growth inhibition. Copper
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[14-17], silver [16,18-20], and gold [20,21] ions and nanoparticles have shown to inhibit
S. aureus growth. The increased inhibition with increasing metal concentrations can
therefore be expected. Although the irradiated metal controls showed seemingly higher
activity against S. aureus than their non-irradiated counterparts, no significant differences
(P<0.05) were observed between irradiated and non-irradiated metals or between group 11
metals. This indicated that irradiation of formulations between 10-15 minutes does not
adversely influence bioactivity. Although AuNPs have previously shown to be effective
against S. aureus [20,21], formulations with Trc mix and gold were not considered for further
investigations due to loss in bioactivity against S. aureus in this study. Copper nanopatrticles
have also previously reported activity against S. aureus [14,17]. Formulations with copper
showed promising antimicrobial activity against S. aureus as. However, the formation of
CuNPs using the Trc mix as a reducing agent was not confirmed in this study (data not
shown). To form CuNPs, the divalent copper ions (Cu?*) in the copper chloride solution must
be reduced to form metallic Cu. Unfortunately, copper has a low reduction potential and is
therefore highly susceptible to oxidation [17,30]. The formation of stable CuNPs with metallic
Cu therefore requires both a reduction and capping agent [30]. The oxidative nature of
copper, and the stability of CuNPs with peptide as a capping agent, are factors to consider
for future nanoparticle formulation with copper and tyrocidines. However, irradiation of Trc
mix:Ag* formulations induced nanoparticle formation (see discussion below). Only peptide

formulations with silver were therefore investigated for the remainder of this study.

4.3.2 Optimisation of peptide:Ag* nanoformulations

To prepare peptide:metal nanoformulations the formation of metal nanoparticles needed to
first be confirmed. Optical colour changes of metal salt solutions are useful qualitative
indicators of the formation and morphology of metal nanoparticles [31]. The formation of
nanoparticles could therefore be confirmed with visible colour changes in the peptide:metal
formulations. However, factors influencing the formation and morphology of MNPs, and
therefore solution colour, are multi-fold. Such factors include and are likely not limited to the:
die-electric environment [24,32], metal salt concentration [31-34], temperature [31,35],
irradiation methodology [33,36] and precursors, capping/reducing agents used in MNP
synthesis [35,37-39]. To successfully fabricate nanoparticles such factors must therefore
be considered when developing peptide:metal nanoformulations. It has been well reported
that the extent of MNP formation is highly reliant on and limited to the availability of the metal
precursor, the stabilising/capping agent, and the reducing agent. MNP agglomeration will

cease once available metal precursor is depleted. Excess metal salt will therefore promote
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agglomeration and growth of MNPs. Larger MNPs are insoluble and tend to precipitate out
of solution [32,40]. The optimisation of peptide:metal nanoformulations is therefore essential

to ensure the solubility, stability, and integrity of the formulant.

The use of tyrosine and tryptophan, as well as peptides rich in these amino acids, have
illustrated that these moieties can act both as a reducing and stabilising/capping agent
[6,22,23,41]. The hybridisation of peptides and metals also have promising applications in
drug delivery systems [24,25]. A study by Gupta et al. [24] reported the successful
encapsulation of the photoinduced AgNPs by a biotinylated di-tryptophan peptide during the
peptide self-assembly process. Moreover, this work highlighted the importance of solvent
polarity for controlling the AGQNP morphology and synthesis of such peptide-AgNP hybrids.
It was reported that an increase in solvent polarity slowed the rate of AQNP synthesis and
altered the AgNP morphology. In this study, the tryptophan-containing tyrocidines were
investigated as a potential reducing and stabilising agent for the green synthesis of AgNPs
in ethanolic solutions. To achieve this, peptide:metal ratios and solvent conditions needed
to be optimised. To optimise the nanoparticle fabrication methodology peptide:metal
formulations were prepared in a variety of % (v/v) EtOH-water environments before being
exposed to different irradiation methods (green laser or sunlight) as depicted in Fig. 4.2. For
this study, peptide:metal nanoformulations were prepared in a final solvent concentration of
15% (v/v) EtOH-water, the solvent condition commonly used for broth-type bioassays
[10,13,42—-45]. However, the NP synthesis was tested in varying solvent polarity
environments including: 15 %, 30 % and 60 % (v/v) EtOH-water (Fig. 4.2A). To circumvent
the influence of thermo-plasmonic heating on NP synthesis, samples were not irradiated
longer than 15 min [35]. Irradiation of Trc mix:Ag* (1:4) formulations in both 15% and 30 %
EtOH-water resulted in a visible colour change of the sample solution. Contrasting to
findings by Gupta et al. [24], formulations in 60 % EtOH-water (lower polarity) did not indicate
AgNP synthesis (no visible colour change was observed). Irradiation of 50 uM Trc
mix:Ag*(1:4) formulations in 15% EtOH-water via green laser (532 nm) resulted in a pale-
yellow/orange colour while irradiation via sunlight yielded a red/brown colour, indicative of
likely larger polycrystalline and/or polydispersed AgNPs [32,40]. The yellow colour observed
in 30% formulations is characteristic of silver nanoparticles, particularly smaller
nanospheres [31,46,47]. The shape, size and uniformity of MNPs has been closely
correlated to their bioactivity, with spherical MNPs showing promising antimicrobial
properties [3,48]. The Irradiation via a green laser (532 nm) of formulations in 30% EtOH-

water was therefore selected for further investigation (Fig. 4.2B).
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Figure 4.2 Optimisation of Trc mix:Ag* nanoformulations in different ethanolic solutions and
peptide:metal ratios.(A) Visual colour changes in different % ethanol in water (v/v) solvent
environments (15%, 30%, 60%) after irradiation (15 min) with green laser (532 nm) or
sunlight. (B) Green laser irradiated Trc mix:Ag+ formulations at different peptide:metal ratios
(1:4, 1:2, 1:1 and 2:1) in 15% EtOH-water with 50 uM Trc mix.

Fig. 4.2B shows the formulations that were irradiated at 532 nm. Formulations with different
concentrations of silver were tested in formulation with 100 uM Trc mix in peptide:metal
ratios equivalent to those analysed via IM-MS in Chapter 3. Irradiation of 1:4 formulations at
30% EtOH-water resulted in a bright orange colour. Irradiation at 1:2 resulted in a pale-
yellow/orange colour while irradiation at 1:1 resulted in a pale-yellow colour. Formulations
at 2:1 showed no visible colour change. Formulations in 30 % EtOH-water were double
diluted down with water to a final solvent concentration of 15 % EtOH-water. Dilution of
formulations from 30% to 15% EtOH-water showed no drastic colour changes, with colour
profiles of the different ratios of Trc mix:Ag* formulations maintained after the dilution. The
difference in formulation colour between 1:4 Trc mix:Ag* formulations in Fig. 4.2A and B
indicate that the starting peptide concentration influences the nanoparticle formation. The
orange colour indicates a spectral shift to longer wavelengths (red shift). A study by Thomas
et al. [49] reported that tyrosine capped AgNPs (Tyr-AgNPs) change the solution colour from
yellow to deep orange due to the aggregation of Tyr-AgNPs. Trc mix is rich in the tyrocidines,
TrcA, TrcB and TrcC, as reported in Chapter 2. The orange colour seen for the 50 uM Trc
mix formulations with silver could therefore indicate the aggregation of silver nanoparticles
due to the availability of tyrosine residues. However, as aforementioned, the agglomeration
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of AgNPs is limited to both the availability of the precursors and the effectiveness of the
stabilising agent. The shift towards brighter orange colour in the formulations with higher
AgNOs concentration (1:4 and 1:2) is therefore more likely due to the increased
concentration of the silver precursor resulting in the formation of larger AgNPs [31].
Differences in colour between the 1:4 in 30% in Fig. 4.2A and 1:4 in the 30% in Fig. 4.2B
could therefore be due to the extent and speed of AGNP formation due to the starting peptide
concentration. Formulations for the remainder of this study were prepared a per Fig. 4.2B

as this gave the most reliable formation of AgNPs.

4.3.3 Spectrophotometric characterisation of peptide:Ag* nanoformulations

The optimised peptide:metal nanoformulations were further characterised using UV-Vis
spectrophotometry. The visible light spectra for irradiated 50 uM Trc mix:Ag* (Fig .4.3A) and
50 uM TpcC:Ag* (Fig. 4.3D) showed a decreased absorbance between 260-295 nm across
peptide:metal ratios compared to silver and peptide alone. This absorbance range includes
the excitation wavelengths of tryptophan (=280 nm), tyrosine (=270 nm) and phenylalanine
(=260 nm) [23,50]. Both Trc mix and TpcC preparations contain tryptophan, phenylalanine
and tyrosine. However, TpcC is richer in tryptophan and Trc mix richer in tyrosine. The higher
absorbance between 260-295 nm observed for the TpcC formulations can therefore be
expected. The second derivative of UV-Vis spectral data provides useful information on the
behaviour of organic compounds in mixtures. Resolution of bands where overlap between
chromophores may be observed can be improved by plotting the second derivative of the
UV-visible spectrum curve [51-53]. The second derivative spectra plotted in Fig. 4.3 (B and
E) indicate six absorbance maxima (Amax) namely that of tyrosine (Amax = 268 nm, 270 nm
and 273 nm) and tryptophan (Amax = 281 nm, 289 nm and 291 nm) in different environments
[51-53] and possibly participating in hydrogen bonds (H-bonds). The presence of tyrosine
in the TpcC sample is likely due to contamination with analogous TrcC (<5%) during
production and purification (see Chapter 2).

As seen in the UV spectra (Fig. 4.3A), the second derivative spectra also indicate a loss in
absorbance of both tryptophan and tyrosine (Fig. 4.3B). This loss is probably due to the
change tryptophan’s and tyrosine’s environments because of a change in conformation and
movement into a more polar environment that is created by the interaction with water or
metal ions. Alternatively, this decrease in absorption may be the consequence of a loss or
aromatic character because oxidation of tryptophan and/or tyrosine residues (chemical
modification). The red shift observed in Fig. 4.3B for tyrosine and tryptophan residues

indicates that these moieties are likely participating in H-bonds. Interestingly, formulations
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with Trc mix did not show a dose dependent changes in absorbance indicating that silver
likely interacts with a single tryptophan residue, with saturation at the lowest concentration
tested. However, formulations with TpcC showed a dose response indicating the interaction
of more than one of the three Trps with silver, with each having different binding/reaction
kinetics indicated by the dependence on the silver concentration. Although kinetic studies of
the different peptide analogues and silver would provide valuable insight for the optimisation
of peptide:metal nanoformulations, such advanced analysis was not conducted in this study.
The role of tryptophan in the peptide-silver interactions therefore remains speculative and
worthy of future investigation.

Due to the significant impact of the physicochemical properties on the antimicrobial
properties of AgNPs, the nanoparticles in nanoformulations needed to be characterised.
Although visible colour changes served as a valuable indicator of successful ANP formation
in the Trc mix:Ag* formulations, changes in AgNP formation and morphology cannot be
reliably detected nor confirmed by colour changes visible to the naked eye. The use of UV-
Vis spectroscopy is therefore a useful tool, not only for the characterisation of peptide in
formulation, but the confirmation and structural characterisation of metal nanoparticles as
well. Changes in metal shape and size influence the surface geometry of the particle and
therefore the surface plasmon resonance (SPR). Shifts in the position or shape of plasmon
absorption band therefore indicates changes in nanoparticle size and shape. A SPR shift to
longer wavelengths (red-shift) is often associated with larger particle size, while fewer SPR
peaks with greater nanoparticle uniformity [46,47,54-56]. Peptide:metal formulations were

therefore characterised using UV-Vis spectroscopy as shown in Fig. 4.3.

The visible light spectra (Fig. 4.3C) show the formation of an SPR band (Amax= 480) for Trc
mix:Ag* for formulations at ratios 1:1; 1:2 and 1:4 confirming the successful fabrication of
AgNPs as suggested by the colour changes observed in Fig. 4.2B. Formulations at 2:1 did
not show a defined SPR band in agreement with the lack of colour change observed in
Fig. 4.2B. However, formulations of 2:1 did show an increased absorbance between 340-
600 nm compared to both peptide and metal alone, this suggests the presence of peptide-
metal interactions capable of forming AgNPs. Although the peptide:metal ratio of 2:1 may
be below the AgNP formation threshold, it is expected that this formulation with less silver
would form less and therefore likely smaller AQNPs.
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Figure 4.3 Spectrophotometric analyses of irradiated 50 uM peptide formulated with Ag* at
different peptide:Ag* ratios (2:1, 1:1, 1:2 and 1:4). A and D show the UV spectra for Trc mix
and TpcC formulations with silver, respectively. B and E show the second derivative spectra
of A and D to determine the Amax Of the peptide separations. C and F shows the visible
spectra of Trc mix and TpcC formulations with silver, respectively, to determine the formation
of SPR bands. The spectra in A, B and C represent the average of 4 determinations and
those in D, E and F of two determinations.

The lack of a defined SPR band but the slight increase in absorption could therefore be due
to some silver nanoparticles that were formed, but too low a AgNP concentration for good
detection. Formulations at ratios of 1:4, 1:2 and 1:1 showed the most prominent SPR bands
Fig. 4.3C and the clearest colour changes (Fig. 4.2B). However, these formulations also
showed the formation of two absorbance maxima (Amax = 388 nm and 480 nm). The
presence of two SPR peaks indicated the formation of AgQNPs with poly-morphology. This is
supported by the range of orange/yellow colours observed in Fig. 4.2B. The increased
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absorbance for increasing silver concentrations indicates a higher abundance of AgNPs,
while the peak at 480 nm indicates the formation of larger AQNPs as expected. The
formation of SPR band in Trc mix:Ag* formulations therefore confirmed that Trc mix
successfully acted as a reducing agent for the fabrication of silver nanoparticles. Conversely,
no defined SPR peaks were detected for TpcC:Ag* formulations. However, an increase in
absorption between 340-600 nm (Fig. 4.3F) was observed for most peptide:metal
nanoformulations alike to 2:1 formulations with Trc mix. The increased absorbance of
peptide:metal nanoformulations is therefore still indicative of TpcC-Ag* interactions capable
of forming AgNPs. However, the lack of defined peaks may signify that the rate of such
interactions is slower in formulations with TpcC than those with Trc mix nanoformulations.
This result was unexpected as previous studies have reported that tryptophan residues and
tryptophan-containing peptides readily form photo-induced nanopatrticles [22—-25,41,49,57—
59]. The dose dependent loss in absorbance between 260-295 nm (Fig. 4.3D) is greater
than that of Trc mix formulations, indicating that tryptophan plays an important role in
peptide:metal formulations irrespective of the formation of a clear SPR band. This is
confirmed by the second derivative spectra of TpcC formulations (Fig. 4.3E) which indicated
the dose dependent loss is that of tryptophan absorbance. Further investigations were

therefore required to confirm the formation of AgNPs in TpcC formulations.

4.3.4 Spectrofluorometric characterisation of peptide:Ag* nanoformulations

Spectrofluorometric characterisation provides valuable insight on the peptide-metal
interactions favourable for AgNP formation and the fabrication of peptide:metal
nanoformulations. Alterations in tryptophan availability were observed by tracking shifts in
the intrinsic fluorescence of the aromatic amino acid rich TpcC and Trc mix. Fig. 4.4
illustrates the fluorescence emission of formulations with Trc mix (A) and TpcC (B). Samples
were excited at 295 nm to minimise residual fluorescence of aromatic amino acids other
than tryptophan. Formulations with both Trc mix (Fig. 4.4 A) and TpcC (Fig. 4.4 B) showed
qguenching of the peptide fluorescence signal and minor shifts in emission maxima (Aem) with
the introduction of metals to the peptide formulation. The emission maxima of 50 puM Trc mix
(Fig. 4.4 A) and 50 pM TpcC (Fig. 4.4 B) in 15% EtOH-water was found to be around

338 nm, while formulations with silver showed a Aem around 340 nm for both peptides.
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Figure 4.4 Fluorescence emission spectra (excitation at 295 nm) of irradiated 50 uM peptide
(Pep) formulated in 15% EtOH-water with Ag* at different peptide:Ag™* ratios (2:1, 1:1, 1:2
and 1:4) with A showing the spectra of Trc mix and B those of TpcC. Spectra data are the
average of four determinations.

The fluorescence of tryptophan is closely linked to its solvent environment and local
environment [23,50,60]. Trc mix formulations (Fig. 4.4 A) with silver at 2:1, 1:1, 1:2 and 1:4
resulted in a Aem at 341, 341, 339 and 339 nm, respectively. The blue shift in Aem of
formulations with higher silver concentrations (1:2 and 1:4) compared to formulations at
lower silver concentrations (2:1 and 1:1) indicates a shift of tryptophan residues towards a
more hydrophobic environment [23,50,60]. TpcC formulations (Fig. 4.4 B) with silver at 2:1,
1:1, 1:2 and 1:4 resulted in a Aem at 340.0, 340, 343 and 344 nm, respectively. This indicated
that at the lower sliver ratios the environment of the Trp residues is not greatly influenced.
However, in contrast to formulations with Trc mix, the red shift at the higher silver ratio
indicated the presence of polar interactions with the Trp residue likely due to the exposure
of the tryptophan-containing peptides to polar moieties such as water, metal ions and
counter-ions. The Trp residues may therefore shift towards a hydrophilic environment to
interact with the more polar silver ions [23,50,60]. The red and blue shifts for formulation
with Trc mix and TpcC at higher silver concentrations suggests that the behaviour of the
peptide is dictated by the peptide:metal ratio and that the formation of AQNPs may exhibit a

threshold ratio, likely that above 1:1 (if spectrophotometric analysis is also considered).

Even though slight shifts were observed between formulations of different ratios, an overall
red-shift was observed across peptide:metal formulations compared to peptide alone. This
indicates the presence of polar interactions with both tryptophan-containing peptides. It
important to note that the presence of water has been shown to promote the assembly of

non-amphipathic and hydrophobic structures towards the hydrophobic core of the peptide
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oligomers [61,62]. Moreover, such self-assembly of the Trcs report quenching of
fluorescence intensity when compared to peptide in more nonpolar solvent systems [61].
The increased polarity could therefore promote the self-assembly of the peptides. However,
both peptide and peptide:Ag* nanoformulations were all dissolved in 15% EtOH-water.
Therefore, the influence of water on peptide assembly need not be accounted for when
comparing the gquenching of unformulated peptide to the peptide formulated and irradiated
in silver salt solution. Nonetheless, the increased polarity due to free metal salt ions could

potentially promote peptide-assembly leading to fluorescence quenching.

The loss of fluorescence observed could therefore be attributed to the self-assembly of
peptide due to the interactions of peptide with the more polar metal salt environment and
not the metal ion itself. However, the formation of SPR bands for Trc mix:Ag* and increased
absorbance between 340-600 nm for TpcC:Ag* formulations suggest that interactions
between peptide and metal are indeed present. Interestingly, TpcC formulations with silver
showed a clear dose dependent quenching of fluorescence intensity, with a further decrease
in fluorescence for formulations above a 1:1 ratio. This quenching correlates with the dose
dependent shifts in Aem, as well as the dose dependent loss in aromatic amino acid
(tryptophan) absorbance at 280-290 nm (refer to Fig. 4.3 D and E). Again, suggesting that
a 1:1 ratio may be a critical peptide:metal ratio for AQNP formation. Although Trc mix
seemingly showed a similar trend, all four formulations had nearly similar fluorescence
intensities, indicating that the introduction of silver to the formulation had a greater influence
on the peptide than the specific concentration of silver itself. This could explain the increased
readiness of Trc mix:Ag* formulations to form nanoparticles when compared to TpcC:Ag* as
shown in Fig. 4.3. It should however be noted that the potentially slower rate of AgQNP
formation in TpcC:Ag* formulations could be due to a multitude of factors and is not
necessarily an indication of poorer AQNP synthesis. Further characterisation of TpcC:Ag*

nanoformulations are discussed in more detail later in this chapter.

The fluorescence quenching and shifts in Aem observed in the spectrofluorometric analysis
of both peptide:metal formulations indicated the association and/or incorporation of the
peptides with/in AgNP structures. Particularly due to interactions between tryptophan
residues and silver. Moreover, the overall fluorescence quenching for both peptides in
formulation with silver is prominent and further supported by the loss in aromatic amino acid
absorbance at 280 nm as shown in the UV spectra in Fig. 4.3 (A and D) where tryptophan
is responsible for the greatest absorbance. The loss in absorbance at 280 nm, presence of

SPR bands (340-600 nm) and fluorescence quenching (300-450 nm) therefore agrees with
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the proposed critical role of the aromatic amino acids, particularly tryptophan, in these

peptides for the reduction of silver ions to form AgNPs.

4.3.5 Electron microscopy of peptide:Ag* nanoformulations

Due to the multifactorial influences on AgNP formation, irradiated samples were only
considered peptide:AgNP nanoformulations once the presence of a surface plasmonic
resonance (SPR) band via UV-visible spectrophotometry is confirmed, or silver
nanoparticles were detected via electron microscopy. Unlike Trc mix formulations,
formulations with TpcC did not report well-defined SPR bands. However, as aforementioned,
spectrophotometric and spectrofluorimetric analysis in TpcC formulations with metal were
still observed. Irradiated TpcC:Ag* formulations were therefore analysed using STEM to
detect and record AgNP formation. STEM analysis of 50 uM TpcC unformulated and
formulated with silver in 15% EtOH-water not only confirmed the formation of spherical
nanoparticles after 15 minutes of irradiation at 532 nm but also highlighted changes in
peptide morphology (Fig. 4.5).

Recent findings by Kumar et al. [61] reported that TpcC self-assembles to form defined
peptide nano-assemblies similar the peptide structures observed in this study (Fig. 4.5A).
STEM sample preparations of peptide-silver formulations where not stained for organic
materials, the darkened spheres seen in Fig. 4.5 (B and C) are therefore that of inorganic
material, in this case spherical AgQNPs. Interestingly, in 50 uM TpcC:Ag* nanoformulations
seemingly encapsulate spherical AgNP as suggested by the aforementioned
spectrophotometric and spectrofluorometric analysis (Figs.4.3 and 4.4). The TpcC-AgNP
structures observed via STEM indicates that the peptide may associate with, and
subsequently oligomerise around smaller (<100 nm) AgNPs (Fig. 4.5B). In this they form a
peptide-AgNP seeding structure, which with continued peptide self-assembly, form larger
peptide structures with AgNPs incorporated in them (Fig. 4.5C). The encapsulation of
AgNPs by TpcC is promising for antimicrobial application where the peptide can act as a
carrier and/or controlled release of AgNPs. Unfortunately, due time limitations on the

electron microscope, only formulations with 50 uM TpcC in 15% EtOH-water were imaged.
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Figure 4.5 STEM images of 50 uM TpcC unformulated (A) and formulated (1:3) with silver
(B and C) 15% EtOH-water Images were recorded using Zeiss MERLIN SEM operated at
20.00kV, image contrast was adjusted to show darker metal nanopatrticles.

The tyrocidines and tyrocidine analogues have shown activity against a variety of pathogens
[43,45,63—-65] including Gram-positive and Gram-negative bacteria [10-13,42]. Although
tyrocidine mixtures have shown to have higher potency against microbial pathogens
compared to its single tyrocidine analogues [10,11,42,45,64], both pure analogues and
tyrocidine mix have, to our knowledge, no MIC’s reported below 100 uM against E. coli [10—
13]. A study by Marques et al. [13] reported that TrcA (M = 1269.65) analogues are active
against drug resistant S. aureus strains (ATCC 33592 and ATCC 29213) at an MIC of
32 ug/mL (=25 uM) for the most active analogues and >128 ug/mL (>100 uM) against E.coli
(ATCC 29212) for the rest of the analogues. While, another study by Spathelf et al. [10]
reported no more than 50% inhibition of E. coli growth by <200 pg/mL of both Trc mix and
pure tyrocidine analogues, while the more polar B/B1 and C/C1 analogues had higher activity
against the Gram positive bacterium Micrococcus luteus than the more hydrophobic A/Ax
analogues. Both these studies, however, indicated that the tyrocidine analogues, although

effective against Gram-positive S. aureus, have poor activity against Gram-negative E. coli.
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Marques et al. [13] indicated that modifications and/or substitution of amino-acid residues
and the position of such residues in the ring structure of TrcA strongly influences the
peptides antimicrobial activity. Interestingly, a study by Wenzel et al. [12] further confirmed
that the tyrocidine C analogue TrcC (cyclo-[fPWwWNQYVOL]) was more active against
another Gram positive bacterium S. aureus than the A analogue (cyclo-[fPEfNQYVOL])
TrcA. It was proposed that the presence of the bulky tryptophan residues at the variable
aromatic dipeptide unit could be associated with the higher pore-forming capacity and
therefore bioactivity of TrcC [12]. Studies by Rautenbach et al. [62] reported that the intrinsic
self-assembly of tryptophan-rich TpcC displayed oligomerisation behaviour similar to that
found for TrcC found by Munyuki et al. [66], while Kumar et al. [61] noted that such structures
drive the peptide oligomerisation behaviour into peptide larger nano-assemblies. However,
the antimicrobial activity observed by Kumar et al. [61] for TpcC against S. aureus was
shown to be likely related to the release of active dimer moieties from larger TpcC nano-
assemblies. Silver is well known for its antimicrobial properties. Ag* and AgNPs have shown
antimicrobial activity against variety of organisms including both S. aureus and E. coli [18—
20].

The formation of the AgNP encapsulated TpcC nano-assemblies observed in Fig. 4.5
therefore suggests that such structures could not only release smaller active moieties of
TpcC but also AgNPs. Thereby improving the antimicrobial potency of the tyrocidines
against E. coli. To characterise their antimicrobial activity, peptide:metal nanoformulations
were tested against both Gram-positive S. aureus and Gram-negative E. coli. Solid surface
assays showed activity against S. aureus (Fig. 4.6) and E. coli (Fig. 4.7) for peptide:Ag*
formulations with TpcC (A and B), TrcC. (C and D) and Trc mix (E and F). Each peptide was
formulated with silver at peptide:metal ratios of 1:1,1:2, 1:3 and 1:4. All formulations, except
the 1:1 ratio, showed a maintenance or a slight improvement in bioactivity against S. aureus
compared to peptide and silver alone. A general increase in bioactivity against E. coli for
peptide:Ag* nanoformulations with TpcC, TrcC and Trc mix was also observed. All three
peptide preparations therefore showed either a maintained or increased potency against
both S. aureus and E. coli when formulated with silver. The poorer bioactivity observed for
formulations at a 1:1 ratio indicates that a critical peptide:metal ratio (>1:1) is responsible for
the shift bioactivity of the nanoformulation. This is further supported by the
spectrophotometric and spectrofluorometric analysis discussed earlier, where changes in
absorbance and fluorescence of formulations occurred above the 1:1 ratio, indicating that
this is a critical peptide:metal ratio for AgNP formation. Interestingly, TpcC alone

demonstrated inhibition against E. coli, while TrcC and the Trc mix both remained relatively
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ineffective against E. coli. This indicates that the introduction of a tryptophan at position 9

could be responsible for the shift in bioactivity of the tyrocidine.
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Figure 4.6 Representative dose responses against S. aureus for irradiated peptide:metal
nanoformulations (1:1, 1:2, 1:3 and 1:4) for TpcC (A and B), TrcC (C and D) and Trc mix (E
and F) with silver. Percentage S. aureus growth Inhibition (%) of formulations are plotted
against the contributions of peptide concentration (A,C and E) and silver concentration (B,D
and F) in each formulation. Each data point represents the average of duplicate results for
two biological repeats with two technical repeats (8 determinations) with SEM indicated by
error bars.

These results agree with the suggested role of tryptophan in pore formation and
antimicrobial activity in findings by Marques et al.[13] and Wenzel et al.[12]. Although TpcC
displayed activity against E. coli, it only showed about 85% inhibition at 25 uM indicating a

minimum inhibitory concentration about this concentration. All three peptide preparation
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therefore did not show 100% inhibition of Gram-negative E. coli and the minimum inhibitory
concentrations of Trc mix, TpcC and TrcC must therefore be above 25 uM as found by other
studies [10-13].
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Figure 4.7 Representative dose responses against E. coli for irradiated peptide:metal
nanoformulations (1:1, 1:2, 1:3 and 1:4) for TpcC ( A and B), TrcC (C and D) and Trc mix
(E and F) with silver. Percentage Inhibition of formulations are plotted against contributions
of peptide concentration (A,C and E) and silver concentration (B, D and F). Each data point
represents the average of duplicate results for two biological repeats with two technical
repeats (8 determinations) with SEM indicated by error bars.

A summary of ICso’s for the above assays (Figs 4.6 and 4.7) are recorded in Table 4.1.
Formulations with TpcC showed the lowest ICso’s against both target organisms. Against S.
aureus ICso’s below that of peptide alone (1.94 uM) was recorded for the TpcC:Ag*
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nanoformulations at ratio of 1:2 (ICs0=1.50 pM), 1:3 (ICs50=1.27 uM) and 1:4 (IC50=1.29 uM).
Nanoformulations with TrcC also recorded an ICso below that of peptide alone (2.82 uM) at
ratios of 1:2 (ICs0=2.04 uM), 1:3 (ICs0=1.57 pyM) and 1:4 (ICs0=1.42 uM). While all
formulations with Trc mix showed a lower ICsp than of Trc mix alone (IC50=3.01 uM). It can
be noted that the purified analogues showed lower ICso’s than Trc mix, and that TpcC was
had a lower ICso than TrcC. The increased activity against S. aureus of peptides alone is
therefore TpcC>TrcC>Trc mix. This is contrary to previous studies which have shown Trc
mix to be more effective than single peptide analogues against another Gram-positive
bacterium, Listeria monocytogenes [10,42]. Spathelf et al. [10] showed that Trc mix peptide
mixture is more active against L. monocytogenes than its isolated TrcA, TrcB and TrcC
analogues. While Leussa et al. [42] indicated that the three predominant analogues in Trc
mix (TrcA, TrcB and TrcC) are more effective against L. monocytogenes than TpcC. Both
studies, however, indicated that the differences in activity of the peptide mixture and single
analogues is likely due to differences in the hydrophobicity and oligomeric structure of the
peptides and therefore its ability to interact with the cell wall structure of the target organism
[12]. The difference in activities against S. aureus could therefore be attributed to the polar
solvent environment (15% EtOH-water) and/or peptide concentration range (0.40 uM-
25 uM) and the influence of such factors on peptide oligomerisation and therefore activity
[11,61,62,67—69]. The spectrophotometric analysis in this study also showed that Trc mix
successfully acted as a reducing agent for the formation of AgNPs, the interaction of
tyrocidines in Trc mix peptide mixture with silver would likely have resulted in the
modification of some of the Trp containing peptides including TrcA, TrcC and TrcB. Some

loss of activity that is not remediated by the presence of AQNPs can therefore be expected.

Only TpcC displayed activity against E. coli (ICso = 13.57 puM). I1Cso’s recorded by BIOPEP
peptide group [unpublished data] and other studies [10—-13] were used to determine putative
combinational shifts. An 1Cso below that of peptide (100 uM) for silver alone (19.43 puM) was
recorded for the peptide:silver nanoformulations with all three peptides at all four ratios
suggesting a significant combinational effect. TpcC overall showed the lowest ICso’s
compared to TrcC and Trc mix at all four ratios whilst TrcC and Trc mix displayed similar
ICso’s. This reinforces that the introduction of a tryptophan at position 9 could be responsible
for the shift bioactivity of the tyrocidines. It is worth noting that the ICso for silver is that of
Ag*and not AgNPs. This is because Ag* requires a reducing agent to form nanopatrticles.
Future work could consider isolated AgNPs to determine the inhibitory effects of AgNPs

alone.
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Table 4.1 Summary of combinational shifts in ICso’s, given in uM, against S. aureus and E.
coli for irradiated peptide:silver formulations (1:1, 1:2, 1:3 and 1:4) of TpcC, TrcC and Trc
mix. Putative ICso’s selected for peptides against E. coli are indicated with an Asterix (*).
Data is the average of duplicate results for two biological repeats with two technical repeats
(8 determinations) with SE indicated in brackets below.

S. aureus E. coli
Parameter Ratio ;:I():( TrcC TpcC Trc mix TrcC TpcC
5 Ag": 1427 1427 1427 | 1943 1943  19.43
3 Peptide | 3.01 2.82 1.94 *100 *100 13.57
" 2.83 3.53 2.20 8.86 8.07 3.59
(0.4) (0.1) (0.2) (0.3) (1.2) (1.7)
o . 2.35 2.04 1.50 4.26 3.92 3.19
k- 12 02)  (0.2) 0.1) 0.1) (0.3) (1.0)
38 3 1.62 1.57 1.27 2.97 3.09 2.32
= = (0.1) (0.3) (0.1) (0.4) (0.5) (0.4)
» 1.82 1.42 1.29 2.46 2.35 2.52
(0.3) (0.2) (0.1) (0.3) (0.4) (0.4)
) 2.83 3.53 2.20 13.29 8.07 3.64
(0.4) (0.1) (0.2) (0.4) (1.2) (1.7)
- " 4.70 4.10 3.00 12.77 7.83 6.47
3 3 ' (0.4) (0.3) (0.1) (0.2) (0.6) (1.9)
&% 3 4.85 4.69 3.79 11.87 9.26 7.03
= (0.2) (0.7) (0.3) (1.4) (1.4) (1.1)
» 7.26 5.68 5.14 14.73 9.37 10.17
' (1.2) (0.6) (0.3) (1.4) (1.3) (1.6)

To investigate the combinational effects of peptide in formulation with silver the fractional
inhibitory concentration indexes (FIC indexes) were calculated as per Equation 4.2 for the
different peptide:Ag* nanoformulations are summarised in Table 4.2. Formulations mostly
showed an additive or weak antagonistic effect against S. aureus. Antagonism (FICI>1) was
observed for TrcC at a 1:1 ratio (FICI = 1.51), while additivity (1) was observed for
formulation at a 1:3 ratio for all three peptides; Trc mix (FICI = 0.88) TrcC (FICI = 0.89) and
TpcC (FICI = 0.93). The strong synergism observed for Trc mix and TrcC against E. coli can
be expected due to the high putative ICso’s. Interestingly, 1:1 TpcC:Ag* ratio had the lowest
FIC index (0.39) followed by 1:3 (0.55) displaying synergism between peptide and silver.
Although synergism was maintained for all four ratios of TpcC:Ag* nanoformulations,
increasing silver concentrations lead to higher FICI’s therefore a loss in synergy. This
behaviour although similar, differs slightly to that Trc mix and TrcC. Formulations at 1:3 and

1:2 showed the strongest synergy for Trc mix and TrcC, respectively. Thereafter
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formulations with a higher concentrations of silver showed a loss in activity for both peptides.
This indicates that each peptide has may have a different pivotal peptide:metal ratio of
synergy.

Table 4.2 FICs and FIC indexes of irradiated peptide:metal formulations (1:1, 1:2, 1:3 and

1:4) of TpcC, TrcC and Trc mix with silver against S. aureus and E. coli. Antagonism,
additivity, and synergism is indicated as per key below.

S. aureus E. coli
Parameter Peptide:metal Trc mix TrcC TpcC Trc mix TrcC TpcC
- 11 0.92 1.24 1.14 0.09 0.08 0.19
o2 1:2 0.77 0.72 0.78 0.04 0.04 0.20
T § 1:3 0.53 0.56 0.65 0.03 0.03 0.16
— 1:4 0.54 0.51 0.67 0.02 0.02 0.18
1.1 0.21 0.26 0.16 0.75 0.64 0.21
8 g 1.2 0.35 0.31 0.23 0.72 0.66 0.45
L 1.3 0.36 0.36 0.28 0.77 0.79 0.54
— 1:4 0.48 0.43 0.39 0.83 0.75 0.78
x 11 1.15 151 1.30 0.78 0.51 0.46
= 1:2 1.12 1.02 1.00 0.71 0.45 0.58
O 1.3 0.88 0.89 0.93 0.65 0.52 0.55
I 1:4 1.12 0.91 1.04 0.79 0.52 0.72
Key
Antagonism ant\z;\;eoikism Additive sy\r?(/e?giksm Synergism sy?lt(;?;igm

The respective isobolograms are illustrated in Fig. 4.8. Here the synergy between peptide
and silver concentration is clearly illustrated with anything on the dotted blue line as additivity
and within the grey window as weak additivity, anything above as antagonism and anything
below as synergism. Nanoformulations of all three peptides with silver showed synergy
against E. coli and mostly additivity against S. aureus. With different peptide:metal ratios
showing different combinational effects. Overall formulations of peptide with AgQNPs at a
peptide:Ag* ratio above 1:3 showed improved activity against S. aureus and introduced
novel potent antimicrobial activity against E. coli. The poor activity of the tyrocidines against

E. coli was therefore successfully improved with the introduction of antimicrobial AgNPs.
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Figure 4.8 Isobolograms showing the comparison of FICs of peptide versus silver for
irradiated peptide:metal formulations (1:1, 1:2, 1:3 and 1:4) against S aureus (A) and E. coli
(B). The FICs (for peptide (Trc mix, TrcC and TpcC) and silver were calculated as per
Equation 4.2. The diagonal dotted line represents the cut-of FIC index value of additivity with
the grey shaded area in each graph showing the additive limits of the FIC index =1£0.1.
Data points above this area indicates antagonism and below synergism.

4.4 Conclusion

This study aimed to successfully fabricate CDP-MNP hybrids with heightened antimicrobial
activity. Formulations of single tyrocidines analogues (TrcC and TpcC) and a peptide mixture
(Trc mix) with copper, silver and gold were screened against S. aureus for promising
antimicrobial properties. Although copper and gold nanoparticles are known for their
antimicrobial action [14-21], formulations with silver showed the greatest promise for the
formation of potent CDP-MNP hybrids. Optimisation of peptide:metal nanoformulations
indicated a strong influence of silver precursor concentration, peptide concentration and
solvent environment on the formation of AgNPs as indicated by colour changes in the
formulation solution. This is likely due the peptide oligomerisation behaviour [26,61,67] and
nature of AgNP formation [24,31,32,47,54]. The influence of silver concentration on AgNP
formation was further confirmed by spectrophotometric and spectrofluorometric analysis of
50 uM Trc mix and TpcC in peptide:Ag* formulations with a solvent environment of 15%
EtOH-water. Alterations in the interactions of both Trc mix and TpcC with the formulation
environment were observed, with TpcC indicating a dose dependent change. It was
therefore concluded that the formation of AgNPs is highly influenced by the peptide:metal
ratios as expected [6,22,25,54]. Moreover, changes in tryptophan absorbance (260-295 nm)
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and fluorescence (340-600 nm) indicated an affinity of silver for tryptophan containing
peptides in agreement with previous studies [6,22,41]. This indicates the Trp-rich peptides
may act as both a reducing agent and stabilising agent for AQNP formation. The formation
of silver nanoparticles due to peptide-metal interactions was confirmed by the presence of
an SPR band in UV-Vis spectrophotometry and inorganic nanoparticles in electron
microscopy. Formulations of Trc mix, TpcC and TrcC were shown to successfully induced

the green synthesis and encapsulation of spherical silver nanoparticles.

The combinational effect of the robust tyrocidines with the antimicrobial silver nanopatrticles
as CDP-MNP hybrids showed great promise for antimicrobial applications. Although the
antimicrobial activity of the tyrocidines has been extensively investigated against a plethora
of microbes including drug resistant pathogens [10,11,42,45,64]. Previously investigated
tyrocidines and analogues have shown poor activity against Gram-negative E. coli [10-13].
Solid surface antimicrobial assays against two target organisms, Gram-positive S. aureus
and Gram-negative E. coli, were performed to test the viability of the CDP-MNP hybrids
fabricated in this study as formulations for applications in antimicrobial surfaces. All three
peptides alone showed potent activity (ICso < 3.01 uM) against S. aureus. However, only
TpcC showed activity against E. coli. To our current knowledge, no studies have
successfully reported the antimicrobial activity of the tryptophan rich TpcC analogue against
S. aureus and E. coli. This study is therefore the first to report that TpcC is effective against
both S. aureus and E. coli with a 50% inhibitory concentration of 1.94 uM and 13.57 M,
respectively. Previous studies have indicated that the addition/substitution and/or position
of a tryptophan residue may improve the antimicrobial activity of the tyrocidines and
analogues [12,13,62,66,68], and that the presence or absence of tryptophan residues
influence the affinity of silver ions to the peptide [41,70]. The improved antimicrobial activity
observed for both TpcC alone and in formation, is therefore in agreement with the claims of
these studies. Nonetheless, formulations of all three peptides with silver showed improved
activity against both S. aureus and E. coli, particularly at a peptide:Ag* ratio of 1:3. Novel
antimicrobial activity against E. coli for the tyrocidines in formulation with silver was therefore
confirmed without sacrificing the potent antimicrobial activity of the tyrocidines against S.
aureus. Although multiple factors were shown to influence CDP-MNP formation. The
variability in physiochemical, optical, and antimicrobial properties of AQNPs and tyrocidines
under different CDP-MNP fabrication conditions is favourable for the alteration and
optimisation of drug delivery systems. The use of the CDP-MNP formulations for surface

applications therefore has great promise with further formulations optimisation.
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Chapter 5
Conclusions and Future Studies

5.1 Introduction

The primary aim of this study was to successfully fabricate cyclodecapeptide-metal
nanopatrticle hybrids (CDP-MNP) with improved antimicrobial action against model target
organisms namely, Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). To
achieve this, aromatic residue rich and tryptophan-rich cyclodecapeptides (CDPs) were
required for the fabrication of metal nanoparticles (MNPs) due to the proposed role of
aromatic residues, especially tryptophan in peptide-assisted synthesis of metal
nanoparticles [1-4]. Aromatic residue rich cyclodecapeptide mixtures and tryptophan-rich
peptide analogues were therefore produced and purified to be applied in formulations with
select alkali earth, transition, and post-transitional metals. To identify and track potentially
favourable and/or unfavourable changes in peptide composition and behaviour, shifts in
peptide oligomerisation within formulations was characterised via mass spectrophotometric

analysis.

Promising formulations of the peptide preparations with group 11 metals were screened
against S. aureus to detect changes in antimicrobial activity and aid the selection of
formulations for further testing. From these studies, formulations with silver were identified
as the most promising combination for the fabrication of antimicrobial nanoformulations. The
peptide-assisted fabrication of silver nanoparticles (AgNPs) with selected peptide:Ag*
formulations was subsequently optimised by exposing formulations to different solvent
environments and concentration ratios. The peptide-assisted formation of AgNPs was
confirmed by characteristic changes in solution colour and the formation of surface
plasmonic resonance (SPR) bands as observed by UV-Visible light (UV-Vis)
spectrophotometry [5,6]. Changes in peptide structure and conformation due to AgNP
synthesis was reported using spectrophotometric and spectrofluorometric techniques. While
the presence, shape, and structure of CDP-MNP hybrids was confirmed via scanning-
transmission electron microscopy (STEM). Finally, to confirm improved antimicrobial activity,
peptides, metals, and peptide:metal nanoformulations were tested against Gram-negative
bacterium E. coli and Gram-positive bacterium S. aureus in solid surface assays. The
combinational interactions between the two antimicrobial agents (antimicrobial

cyclodecapeptides and silver nanoparticles) were determined using fractional inhibitory
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concentrations and isobolograms, to illustrate the peptide:metal ratio-dependent synergism

and additive effect of nanoformulations against both target organisms.

5.2 Experimental Conclusions and Future Studies

5.2.1 Production and purification of tryptophan-containing antimicrobial
peptides and their analogues

To decipher the biophysical and antimicrobial characteristics of the different tyrocidines and
analogues in formulation with metals, adequate amounts of tyrocidine mixture (Trc mix) and
purified peptide analogues (TrcC and TpcC) was required. The production of tryptophan-
containing Trcs was successfully achieved by shifting the peptide production profiles of
Brevibacillus parabrevis (Br. parabrevis) producer cultures to favour tryptophan-rich
tyrocidines utilising culture manipulation methodologies developed by BIOPEP peptide
group at Stellenbosch University [7]. The subsequent purification of Trcs was achieved
through a series of steps including the removal of linear gramicidins and organic extraction
of the tyrocidines and analogues from the bacterial culture, followed by the purification of
single peptide analogues using reverse-phase high-performance liquid chromatography
(RP-HPLC). The purification of tryptophan-rich Trcs was of particular interest for this study
due to the role of tryptophan in the fabrication of metal nanopatrticles [1-4]. For commercial
Trc mix (aromatic residue rich tyrocidine standard), the organic extraction step was sufficient
for the removal of linear gramicidins and to obtain a pure peptide mixture (>96% purity).
However, for the crude peptide extracts reverse phase high resolution liquid
chromatography (RP-HPLC) purification was necessary for the isolation of single peptide
analogues. The RP-HPLC purification of Trcs proved challenging due to the intrinsic
oligomerisation and aggregation behaviour of the peptides [8,9].

To aid the purification process Br. parabrevis cultures were supplemented with different
concentrations (10 mM or 20 mM) of either tryptophan (Trp) or phenylalanine (Phe). A total
of three Br. parabrevis peptide productions were carried out. Production one (P1) and two
(P2) used Br.Parabrevis ATCC1068 strains whilst production three (P3) used
Br. Parabrevis ATCC8185 strains. Each production had a supplemented (Trp/Phe) and
unsupplemented bacterial culture to track the changes in peptide production profiles.
Changes in peptide production profiles were tracked, peptide identity was confirmed, and
peptide purity was determined using electrospray ionisation mass spectrometry (ESI-MS)

and ultra-performance liquid chromatography linked mass spectrometry (UPLC-MS).
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Notably, supplementation of cultures with 20 mM tryptophan resulted in the production of a
modified gramicidin (VGAY). Although the results from this study cannot ascertain the
potential role that amino acid supplementation concentration may play in aberrated
production, future work could investigate this relationship for applications in optimised or
modified peptide production and purification. Nonetheless, the amino acid supplementation
of Br. parabrevis cultures with tryptophan still promoted the production of tryptophan-rich
Trcs (C analogues) which, in turn, eased the purification process and allowed for sufficient
yields (=1mg) of tryptophan-rich tryptocidine C (WC/WC1) and tyrocidine C (YC/YC1). RP-
HPLC purification of tryptophan supplemented production two (P2W) yielded HPLC fractions
of 6.36 mg high purity tryptocidine C/C1 (>99%) and 1.94 mg high purity tyrocidine C (>94%).
An overall total of four RP-HPLC fractions from productions one and two successfully yielded
sufficient amount (= 1mg) of tryptocidine (WC/C1) and tyrocidine (YC/C1) analogues of high
purity (>90%). These pure fractions C analogues were used for the formulation of peptide

with metals in this study.

5.2.2 Mass spectrometry studies on the interaction of the tyrocidines and
analogues with metal salts

The self-assembling nature and oligomerisation behaviour of the tyrocidines allows for the
formation of stable higher order structures and thereby robust antimicrobial nanomaterials
[9-11]. Meanwhile, studies have indicated that insufficient or excessive oligomerisation and
aggregation of peptide may adversely influence its bioactivity [9,11-14]. lon mobility mass
spectrometry (IM-MS) studies revealed that the formulation of tyrocidines with select metals
alters the peptides’ self-assembling behaviour to favour different oligomers in the presence
of different metals. The prospect of using metal salts as a tool to direct peptide self-assembly
and dictate nanostructure formation therefore holds great potential for the development of
novel antimicrobial nanodrugs against stubborn pathogens and biofilms. Formulation of Trc
mix with magnesium (MgCl2), calcium (CacClz), iron (FeCl2) and zinc (ZnClz2) metal salts
resulted in the formation of stable triply charged peptide-metal [M+Metal?*+H]3* complexes
of tyrocidines with the respective metal ions (Mg?*, Ca?*, Fe?* and Zn?*). Due to the nature
of IM-MS analysis, only stable non-covalent complexes and oligomers can withstand the
exposure to the high collision forces, energy potentials and temperatures within the
instrumentation. The peptide-metal complexes were therefore considered to be likely that of
strong coordination bonds between peptide and metal ions [15,16]. Experimental m/z values

of the triply charged complexes matched (<10 ppm) the theoretical values calculated for
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peptide monomer and metal ion combinations [M+Metal?*+H]3*. This confirmed the
formation of peptide:metal complexes between peptide monomers and the doubly charged
metal ions and was further supported by isotope models of peptide with Fe?* ions. Stable
peptide-metal complexes were also detected after the maturation of the formulations,
indicating stability over time as well. Increases in the metal salt concentration of the
formulations resulted in an increased prevalence of peptide-metal complexes. Furthermore,
a higher incidence of larger peptide oligomers (tetramers and hexamers) was observed for
formulations at higher metal concentrations. These observations indicated that the formation
of peptide-metal complexes either influences or is influenced by the formation and/or
breakdown of peptide oligomeric species. Whether the introduction of metals prevents the
formation of, or promotes the breakdown of, larger oligomers could not be confirmed in this
study. However, an inverse relationship between peptide-metal complex and
monomer/dimer contributions was observed. A decrease in monomer and dimer signal
contributions was associated with an increased contribution of peptide-metal complexes
indicating that monomeric and dimeric species participate in the complex formation process.
The observed loss in monomers could be due to complex-forming interactions between
peptide and metal. Peptide dimers may interact with metals to form higher order structures
and oligomers, which due to their complexity were not considered in this study. Nonetheless,
the formation of peptide-metal complexes with different metals, and subsequent shifts in
peptide oligomerisation behaviour, gives valuable insight on the interactions of the
tyrocidines with metal ions. Future studies could further explore peptide-metal reaction
kinetics, complex structures, and binding energies to better understand these interactions

and their structural conformation.

Contrastingly, peptide-metal complexes were not detected via IM-MS in peptide formulations
with group 11 metals, even with the maturation of the samples. Nonetheless, formulations
with copper (Cu?*), silver (Ag*) and gold (Au®*) showed changes in peptide oligomerisation
behaviour in the absence of complexes. This indicated that these metals interact with
peptide structures in a different manner. A major factor to consider when investigating
peptide-metal interactions is the role of different metals in bacterial systems. Magnesium,
calcium, iron and zinc are all considered essential metals and play a crucial role in bacterial
growth and cell maintenance [17-21], While, the group 11 metals are known for their
antimicrobial properties [22—-26]. Nonetheless, imbalances in both essential and non-
essential metals is considered a stress factor for many bacteria and can be lethal [17,22,27].

The capture, transport, storage, leakage, sequestering and reduction of metal ions is
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therefore vital to ensure metal availability while avoiding the risk of intoxication or starvation
[22,27,28]. The tendency of the tyrocidines to form interact and form complexes with metals
could therefore be beneficial for the survival the producer organism Br. parabrevis. Binding
to these metals, if not to be used by Br. parabreuvis itself, would deprive competing microbes
of these essential metals. The supplementation of Br. parabrevis cultures with different
transition metals and tracking of metal uptake, metal preferences and production profile
changes could also be an interesting avenue of further investigation for the screening of
promising peptide-metal interactions, perhaps even for future applications in bio-
mineralisation [29,30].

Pilot studies confirmed that the tyrocidines, like other aromatic-amino acid rich peptides
[1,2], allowed the formation of gold and silver nanoparticles. The ability of Trc mix to form
nanoparticles is also confirmed by the investigations in Chapter 3. The loss of monomer and
dimer contributions in silver and gold therefore suggests that these peptide species interact
with metal ions, by acting as a reducing agent, to neutralise metal ions and subsequently
induce the formation of metal nanoparticles [31-33]. Moreover, the preference of TrcA and
TrcC analogues in monomeric species losses indicate that certain peptide analogues may
play a greater role in the peptide-Ag* and peptide-Au®* interactions. It is worth noting that
TrcA and TrcC analogues oligomerise to form ion-conducting pores in the phospholipid
bilayer of bacterial cells and that the dimers of these analogues act as the seeding structures
for target membrane interactions [9,14,34,35]. The loss of TrcA and TrcC monomers, for
silver and gold could therefore be due to the self-assembly of TrcC and TrcA into higher
order structures capable of interacting with or transporting gold and silver ions [36,37].
Future studies could therefore also investigate the interactions between metals and different
peptide analogues to screen for promising peptide-metal interactions for applications as
antimicrobial agents. Exploring the preferences of certain peptide analogues within each
metal formulation would provide more information on the role of certain peptide analogues
and metals in peptide oligomerisation and nano-assemblies. Moreover, the role of
monomers and dimers in the formation of peptide metal complexes should be an avenue of
further investigation. Formulations of pure peptide analogues can be analysed using IM-MS
to determine changes in oligomerisation behaviour and better understand the role of
different peptide analogues and oligomeric species. Additional metal formulation
concentrations should also be investigated to determine how or whether the decreasing

monomer/dimer trend is maintained across increasing metal concentrations. Plateaus in
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signal contribution for monomers, dimers or complexes would provide valuable information

on the threshold of peptide-metal interaction and is of notable importance for future studies.

5.2.3 Biophysical and bioactive properties of tyrocidine nanoformulations with
group 11 metals

The peptide-assisted fabrication of metal nanoparticles and subsequent formation of
antimicrobial CDP-MNP hybrids was investigated in Chapter 4. Previous studies have
indicated that tryptophan-residues and tryptophan-rich peptides act as both a reducing and
stabilising agent for the formation of MNPs [1-4]. The mass spectrometry studies on the
interaction of the tyrocidines and analogues with metal salts in Chapter 3 showed promising
interactions between the tyrocidines and the group 11 metals (copper, silver, and gold). The
commercial tyrocidine peptide mixture (Trc mix) and single tryptophan-rich C analogues
(TpcC and TrcC) purified in Chapter 2, were therefore formulated with the selected group
11 metals to assist the fabrication of copper, silver, and gold nanoparticles. Screening of
Irradiated and non-irradiated peptide-metal formulations against S. aureus via solid surface
assays identified formulations with silver to be the most promising for the fabrication of
potent CDP-MNP hybrids. The peptide-assisted fabrication of AQNPs was optimised yielding
a range of pale yellow to bright orange colloid colours under different formulation conditions.
Formulations of peptide in 15% ethanol-water (%v/v), the solvent condition commonly used
for broth-type bioassays [11,38], was selected for further investigations. However,
formulations in 30% ethanol-water (%v/v) environments also showed the formation of
AgNPs and are worth investigating further in future solid surface antimicrobial assays.
Meanwhile, formulations at 60% showed no AgNP formation. This could be attributed to the
amphipathic nature of the tyrocidines and their oligomerisation behaviour in more non-polar
environments [9,11]. Future studies could investigate the peptide oligomerisation dependent
formation of AQNPs by investigating peptide:metal formulations in a wider range of solvent

environments.

Spectrophotometric and spectrofluorometric analysis of peptide:Ag* formulations of 50 uM
Trc mix and TpcC in 15% ethanol-water (%v/v) confirmed interactions between metal ions
and tryptophan-containing peptides. Although the kinetics of the peptide-silver binding
relationship was not investigated further in this study, future work could explore the role of
the tryptophan residues in the formation of CDP-MNPs conjugates by tyrocidines and
tryptocidines with silver. Changes in the UV-Vis spectra, of both Trc mix and TpcC in the
presence of silver, indicated that their aromatic amino acid residues play a role in the
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reaction and/or binding with Ag*. The presence of surface plasmon resonance (SPR) bands
in the visible light spectrum confirmed the formation of AgNPs. Scanning transmission
microscopy (STEM) confirmed these AgNPs to be spherical in shape. STEM further
revealed that the peptides encapsulated AgNPs in an oligomeric peptide nano-assembly

structures.

Antimicrobial solid surface assays confirmed that the encapsulation of AQNPs by Trc mix,
TrcC and TpcC maintains the antimicrobial action of the peptides towards S. aureus and
significantly improves the activity against E. coli at certain peptide:metal ratios, notably,
when the concentration of metal is three times that of peptide (1:3). Synergy between
peptide and silver was observed with E. coli as a target, while an additive effect was
recorded for most formulations against S. aureus. Antimicrobial assays also revealed
intrinsic activity of TpcC against both S. aureus and E. coli. To our current knowledge, this
is the first study to successfully report activity of this tryptophan-rich C analogue against
these Gram-positive and Gram-negative pathogens. The potent antimicrobial action of TpcC
agrees with previous studies which propose that the aromatic amino acid tryptophan dictates
peptide self-assembly behaviour and the structural conformation of the peptides aromatic
dipeptide moiety [9,11]. The enhanced activity of TpcC is therefore likely due to its
interactions with the cell wall of the target organism [14]. Nonetheless, the native activity of
TpcC was improved when in formulated with silver. The self-assembly of peptides has been
shown to aid peptide-assisted nanoparticle synthesis and nanoparticle encapsulation
[36,37]. The improved activity of TpcC compared to Trc mix and TrcC in formulation, could
be associated to the peptides strong tendency to oligomerise and encapsulate AgNPs,
resulting in stable peptide-metal conjugates [39,40]. Overall, the formulation of all three
peptide preparations with silver showed promising activity for future applications as potent
antimicrobial nano-drugs for topical or surface treatment applications. Due to the well-
recorded systemic toxicity [41-44] of the tyrocidines and silver, topical applications rather
than systemic applications would be considered in future studies. However, the variability in
CDP-MNP fabrication conditions shows promise for the modification and optimisation of this
nano-drug for different drug delivery systems, therapies and applications. Future studies
could investigate the haemolytic properties and in vitro viability of these nano-formulations.
Moreover, the surface stability of matured nanoformulations is worth future investigation to

determine the robustness of this novel nano-drug [10].
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5.3 Last Word

This study successfully fabricated photo-induced peptide-assisted AgNPs by formulating
aromatic amino acid-rich cyclodipeptide mixture (Trc mix) and tryptophan-rich single C
analogues (TpcC and TrcC) with silver and irradiating the formulation with a constant wave
green laser (532 nm) to initiate photo-induced electron transfer. The predicted role of
tryptophan-residues in the reduction and stabilisation of AgQNP formation was supported by
mass spectrometry, spectrophotometric, spectrofluorometric characterisation of the
peptide:metal nanoformulations in this study. Moreover, mass spectrometry characterisation
of peptide:metal formulations confirmed the formation of peptide-metal complexes with
cationic ions of the group two metals, magnesium and calcium, transition metal, iron, and
post-transitional metal ,zinc. These complexes were maintained after maturation and
exposure to the harsh mass spectrometry analysis conditions and are likely that of strong
coordination bonds between peptide amides, aromatic residues and metals [15,45-51]. The
detection and identification of these stable peptide-metal complexes therefore highlight the
affinity of the tyrocidines and tyrocidine analogues for these essential metals and queries
the multifactorial role that the tyrocidines play in survival mechanisms of Br. parabrevis.
During sporulation a subset of the Br. parabrevis cells produces and releases the
antimicrobial peptide complex tyrothricin (which contains the tyrocidines and analogues) via
a self-sacrifice mechanism to eradicate competing organisms and ensure Br. parabrevis
spore survival [52]. The interactions of the cyclodecapeptides with the charged metal ions
investigated in this study elude that these peptides play a role in metal ion transport. The
tyrocidines have been shown to oligomerise, creating large pores in the cell membranes of
target organisms, thereby promoting an influx of large molecules (which may include
charged metal ions) into the host organism [14,34,35]. The formation of peptide-metal
conjugates and incorporation of MNPs into peptide oligomeric structures [11,36,37] could
also play a role in the capture, transport, storage, neutralisation and sequestering of metal
ions to minimise the risk of intoxication or starvation [22,27]. The absence of peptide-metal
complexes with group 11 metals, formation of AQNPs and encapsulation of AgNPs (as
confirmed in Chapter 3) supports the latter where heavy metals are neutralised and
sequestered to prevent intoxication. Although this may be an indicator of already existing
resistance of Br. parabrevis against heavy metal treatment [53,54]. The resulting conjugated
CDP-MNP hybrids has great potential for the development of a novel antimicrobial

nanodrugs against other target organisms. Moreover, the combined modes of action of the
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antimicrobial peptides and metal nanoparticles reduce the risk of resistance development
against the nanoformulation by target organisms [55]. To better understand the role of
peptide and metals in metal complex formation and peptide-metal interactions, the binding
affinities and kinetics of these interactions would need to be analysed and the nature of the
subsequent complexes characterised. Methodologies to further characterise peptide-metal
complexes may include: UV-Visible light [56], fluorescence [57], circular dichroism [9],
Fourier-transform infrared spectrometry [58] and nuclear magnetic resonance spectroscopy
[40,59], as well as, theoretical computational and molecular modelling methodologies [60—
62]. Nonetheless, the formation and encapsulation of AQNPs by Trc mix, TpcC and TrcC
was confirmed in this study via spectrophotometric, spectrofluorimetric and STEM analysis.
Antimicrobial solid surface assays showed great promise for the application of these AgNP
encapsulated peptide-metal hybrids in antimicrobial surface treatments [10,63,64] against
two pathogens commonly associated with contact surface contamination [65,66], S. aureus
and E. coli. Interestingly, unprecedented activity for peptide analogue tryptocidine C (TpcC)
against S. aureus and E. coli was reported in this study. However, all peptide:metal
nanoformulations showed enhanced activity against S. aureus and E. coli. Although the
formation of conjugates varied in different formulation conditions, this variability may be
favourable for the manipulation and development of alternate nanoformulations with different
biological functions and physiochemical properties. The capability to tweak these
nanoformulations therefore allows versatility for future drug structures and delivery systems.
Leaving room for the development of novel nanodrugs, from the same formulation, for
alternate applications. The tryptophan-rich tyrocidines and analogues therefore hold great
promise for the development and fabrication of peptide-metal nanodrugs and perhaps even

nanomaterials.
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