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Summary

Bacterial adhesion to various surfaces leading to the formation of biofilms is a serious and persisting
problem within various industries. Furthermore, once a biofilm reaches its mature stage, its
mechanical removal becomes increasingly difficult and expensive. Additional to this rising problem
of antimicrobial-resistant bacteria, another concern is further resistance development towards current
surface sterilisation and disinfection techniques. This would be attributed to the chemical agents
influencing the bacterial microenvironment imposing a constant selective pressure on the bacteria
that promote tolerance over time. To circumvent this, the research focus has moved into developing
active surfaces/ materials by changing the approach to preventing bacterial adhesion or killing
bacterial cells that are in contact with the surface. Antimicrobial peptides (AMPs) serve as viable
active ingredients due to their broad range and rapid activity towards various targets, limited
resistance and multiple modes of action. A group of AMPs of interest are the tyrocidines (Trcs) and
analogues, produced by the soil bacterium Brevibacillus parabrevis. The Trcs have a broad range of
activity towards bacterial targets, various pathogenic and filamentous fungi, the malaria parasite
Plasmodium falciparum and viruses. Recently it was shown that the peptides have potent activity in
various materials and on surfaces towards the bacterial pathogens Listeria monocytogenes and

Staphylococcus aureus.

As limited solvent and formulation studies have been performed on the Trcs for the treatment of
materials and depositing on surfaces, the aim of this study was to investigate the influence varying
formulations had on the Trcs surface activity and biophysical properties. The Trcs were formulated
in six different solvents, acetonitrile (ACN), ethanol (EtOH), methanol (MeOH), iso-propanol (IPA),
tertiary butanol (TBA) and propylene glycol (PG) with or without co-formulants namely zinc chloride
(ZnClp), calcium chloride (CaClz) or glycerol (Glr). Activity studies revealed that when assessed
against both targets (L. monocytogenes and S. aureus), EtOH serves as the best general solvent to be
used without any additives compared to the other five solvents, The addition of 1% Glr resulted in
significantly lower activity in the more polar solvents when compared to formulation in the solvents
alone. However, PG and TBA in formulation with 1% Glr + 100 uM CaCl» were found to be the two
best formulations. TBA as solvent was marginally better due to a higher activity against both targets

compared to PG.

How the surface activity links with the formulant influence on the peptide structure was assessed by

mapping activity versus chemical parameters, changes in Trp environments (fluorescence) and
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oligomerisation (ion mobility mass spectrometry). The relative dielectric constant (¢) and relative
molar mass (M;) values for all solvents, with and without 1% Glr, revealed a distinct breakpoint of &
= 65 and relative M; = 32-33 for activity towards both bacterial targets. This suggests that when the
solvent or additives are within the defined M; range, they are able to disrupt or destabilise inactive
oligomers whereas outside of the defined M: range (M: < 33) could result in stabilising inactive
oligomers and obscuring active structures. Evaluation of the Trp fluorescence versus activity revealed
that the Trp environment in solution does not have an overt link with the Trc surface activity.
Although Trp may have an important conformational and activity role when the Trcs are organised
on the surface, the cationic residues, Orn’ and Lys® are known to have major importance in
recognising negatively charged cellular targets and in the peptide’s activity. lon mobility mass
spectrometric analysis of Trc oligomerisation indicated 1% Glr as additive resulted in a higher total
ion signal for dimers than in the solvent alone. Glr may be acting as a chaotropic agent disrupting
larger oligomers by competing for hydrogen bonds and thereby releasing stabile dimers. Amphipathic
dimers are regarded as active structures. Therefore, in light of the detection of lower activity in the
presence of Glr, this higher dimer signal may not be due to the availability of active amphipathic
dimers, but rather inactive non-amphipathic dimers. The addition of CaCl, showed a lower than
expected dimer contribution, but no change in activity. However, 1% Glr + 100 uM CaCl as Trc co-
formulants resulted in a substantially increased total ion signal for Trc dimers combined with the

highest activity compared to other formulations.

There is a weak link between active Trc dimers detected in vacuo, but elucidation of the surface
structure-activity relationship is clearly complex and demands an in-depth study of the peptide

structure on surfaces, as well as the release of active structures.



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

Opsomming

Bakteriese adhesie aan verskeie oppervlaktes kan lei tot die vorming van biofilms en is 'n ernstige en
volgehoue probleem binne verskeie industrie€. Verder, sodra 'n biofilm sy volwasse stadium bereik,
word die meganiese verwydering daarvan al hoe moeiliker en duurder. Bykomend tot hierdie
toenemende probleem van antimikrobiese weerstandbiedende bakterie€, is kommer oor verdere
potensiéle weerstandsontwikkeling teenoor huidige oppervlaksterilisasie en ontsmettingstegnieke.
Dit kan toegeskryf word aan die chemiese middels wat die bakteriese mikro-omgewing beinvloed en
'n konstante selektiewe druk op die bakterie€ plaas wat toleransie oor tyd bevorder. Om dit te omseil,
het die navorsingsfokus verskuif na die ontwikkeling van aktiewe oppervlaktes/materiale waardeur
die benadering verander is om bakteriese adhesie te voorkom of bakteriese selle wat in kontak met
die oppervlak is, dood te maak. Antimikrobiese peptiede (AMP's) dien as lewensvatbare aktiewe
bestanddele as gevolg van hul wye reeks en vinnige aktiwiteit teenoor verskeie teikens, beperkte
weerstand en veelvuldige modusse van aktiwiteit. 'n Groep AMP's van belang is die tirosidiene (Trcs)
en analo€ wat deur die grondbakterie Brevibacillus parabrevis geproduseer word. Die Trcs het 'n wye
reeks aktiwiteit teenoor bakteriese teikens, verskeie patogeniese en filamentagtige swamme, die
malariaparasiet Plasmodium flaciparum en virusse. Onlangs is getoon dat die peptiede kragtige
aktiwiteit het in verskeie materiale en op oppervlaktes teenoor die bakteriéle patogene Listeria

monocytogenes en Staphylococcus aureus.

Aangesien beperkte oplosmiddel- en formuleringstudies op die Trcs uitgevoer is vir die behandeling
van materiale en afsetting op oppervlaktes, was die doel van hierdie studie om die invloed wat
verskillende formulerings op die Trc oppervlaksaktiwiteit en biofisiese eienskappe het, te ondersoek.
Die Trcs is geformuleer in ses verskillende oplosmiddels, asetonitriel (ACN), etanol (EtOH), metanol
(MeOH), isopropanol (IPA), tersiére butanol (TBA) en propileenglikol (PG) met of sonder ko-
formulante naamlik sinkchloried (ZnCl), kalsiumchloried (CaCly) of gliserol (Glr). Aktiwiteitstudies
het aan die lig gebring dat wanneer dit teen beide teikens (L. monocytogenes en S. aureus) geassesseer
word, EtOH dien as die beste algemene oplosmiddel wat gebruik kan word sonder enige ko-
formulante in vergelyking met die ander vyf oplosmiddels. Die byvoeging van 1% GlIr het ‘n
aansienlike laer aktiwiteit tot gevolg gehad vir formulering in die meer polére oplosmiddels in
vergelyking met in die oplosmiddels alleen. Daar is wel gevind dat PG en TBA in formulering met
1% GIr + 100 uM CaCl, die twee beste formulerings is. TBA as oplosmiddel was effens beter as

gevolg van 'n hoér aktiwiteit teen beide teikens in vergelyking met PG.
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Hoe die oppervlaksaktiwiteit verband hou met die formulering se invloed op die peptiedstruktuur is
geassesseer deur aktiwiteit teenoor chemiese parameters, veranderinge in Trp-omgewings
(fluoressensie) en oligomerisasie (ioonmobiliteit-massaspektrometrie) te karteer. Die relatiewe
di€lektriese konstante (g) en relatiewe molére massa (Mr) waardes vir alle oplosmiddels, met en
sonder 1% Glr, het 'n duidelike breekpunt van € = 65 en relatiewe M; = 32-33 getoon vir aktiwiteit
teenoor beide bakteriese teikens. Dit dui daarop dat wanneer die oplosmiddel of ko-formulante binne
die gedefinieerde M;-reeks is, hulle in staat is om onaktiewe oligomere te ontwrig of te destabiliseer,
terwyl buite die gedefinieerde M; -reeks (M: <33) kan lei tot stabilisering van onaktiewe oligomere
en die afskerming van aktiewe strukture. Evaluering van die Trp-fluoressensie teenoor aktiwiteit het
uitgewys dat die Trp-omgewing in oplossing nie 'n duidelike skakeling met die Trc-
oppervlaksaktiwiteit het nie. Alhoewel Trp 'n belangrike konformasie- en aktiwiteitsrol kan speel
wanneer die Trcs op die oppervlak georganiseer is, is dit bekend dat die kationiese residue, Orn’ en
Lys’ 'n groot belang het in die herkenning van negatiewe gelaaide sellulére teiken en in die peptied
se aktiwiteit. loon-mobiliteit massaspektrometriese analises van Trc oligomerisasie het aangedui dat
1% Glr as ko-formulat lei tot 'n hoér totale ioonsein vir dimere as in die oplosmiddel alleen. Dit is ‘n
indikasie dat GIr as 'n chaotropiese middel kan optree en groter oligomere ontwrig deur met
waterstofbindings te kompeteer en sosoende stabiele dimere vry te stel amfipatiese dimere word as
aktiewe strukture beskou. In die lig van laer aktiwiteit waarnemings in die teenwoordigheid van Glr,
is hierdie hoér dimeer sein moontlik nie te wyte aan die beskikbaarheid van amfipatiese dimere nie,
maar wel onnaktiewe nie-afipatiese dimere. Die byvoeging van CaCl; het 'n laer as verwagte dimeer
bydrae getoon, maar geen verandering in aktiwiteit nie. Die 1% Glr + 100 uM CaCl; as Trc ko-
formulante het egter gelei tot aansienlike verhoogde totale ioonsein vir Trc dimere, gekombineer met
die hoogste aktiwiteit in vergelyking met ander formulerings.

Daar is slegs 'n swak verband tussen aktiewe Trc dimere wat in vacuo opgespoor word, maar
ontrafelling van die oppervlakstruktuur-aktiwiteit-verwantskap is duidelik kompleks en slegs
aangespreek word met 'n in-diepte studie van die peptiedstruktuur op oppervlaktes, sowel as die

vrysteling van aktiewe strukture.
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HR-ESMS high-resolution electrospray mass spectrometry

ICso peptide concentration leading to 50 % microbial growth inhibition
IM-MS ion mobility mass spectrometry

IPA iso-propanol

KCL potassium chloride

LB Luria Betrani

Leu leucine
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MeOH
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MIC
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OH groups
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reactive oxygen species

reverse phase high performance liquid chromatography



R¢

R2

S. aureus
SD

SEM
TBA
TFA
TGS
TOF
TOF-MS
TpcA
TpcB
TpcBi
TpcC
TpcCy
Tpc(s)
TrcA
TrcAl
TrcB/B’
TrcBi
TreC
TreCy
Tre(s)
Trc mix
Trp

TSB
TSA
TWIM-MS
Tyr
UPLC
UPLC-MS
Val

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

retention time of analyte in column chromatography
coefficient of determination
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standard error of mean
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trifluoroacetic acid

tryptone glucose and salts culture medium

time of flight

time-of-flight mass spectroscopy

tryptocidine A
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tryptocidine C
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tyrocidine A
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tyrocidine C
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VGA linear gramicidins

124% volume/volume

QAC quaternary ammonium compounds
ZnCl, zinc chloride

Zn(1II) zinc (2+) cation

Standard 3-letter and 1-letter abbreviations were used for the natural amino acids, with uppercase 1-
letter abbreviations for L-amino acid residues and lower case 1-letter abbreviations for D-amino acid

residues in peptide sequences
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Preface

Surface contamination by micro-organisms is an ever-present issue within the industrial, medical and
food industries, specifically exacerbated by biofilm formation and difficulty in the prevention of
biofilms. Furthermore, antimicrobial resistance (AMR) development is becoming an ever more
serious problem due to the abuse of certain antibiotics rendering them ineffective in the removal of
microbial contamination and biofilms from surfaces. Parallel to this is the increased ineffectiveness
of current cleaning and disinfecting chemicals due to the COVID pandemic-driven excessive routine
usage leading to a potential new route of antimicrobial resistance. This accelerated the investigation,
development, and implementation of alternative and effective antimicrobial active surface coatings
to either prevent microbial attachment (anti-adhesive) or kill the microorganisms before or after

contact with the surface.

A prime antimicrobial group of compounds for active surface development are the large array of
natural antimicrobial peptides (AMPs) due to their potent and broad-spectrum activity towards
bacteria, fungi and viruses. More important, AMPs display a limited potential to elicit resistance
development due to rapid action and multiple modes of action. A specific group of AMPs that hold
potential are the tyrocidines (Trcs) and their analogues from the tyrothricin complex. Produced by
the soil bacterium Brevibacillus parabrevis, and having a highly conserved sequence, the Trcs are
very active against a wide array of Gram-positive bacteria, various pathogenic and filamentous fungi,
the malaria parasite Plasmodium falciparum, and have been shown to be active against viruses.
Furthermore, the Trcs exhibit multiple modes of action on their targets, thereby ensuring a limited
degree of resistance development towards them. Successful formulation studies using the Trcs with
cellulose and soluble carbohydrates have illustrated the potential of Trc-based formulations for
multiple target-based applications. However, the sticky nature of the Trcs not only benefits active

surface formulation development but also peptide oligomerisation.

The ultimate goal of this project is in developing a Trc-based formulation that can have limited
oligomerisation on a surface while having a high degree of activity to prevent contamination and
biofilm formation. This will be achieved by assessing the role of different solvents and additives
towards the bioactivity of the peptide, while simultaneously investigating the influence on the
biophysical properties in developing a formulation for sterile surface applications. In order to reach
the aforementioned objective, the following aims and objectives were developed and described

below:
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Aims and objectives

Aim 1: Bacterial production, isolation and characterisation of tyrocidines and analogues from the

tyrothricin complex

In order to reach the first aim the following objectives were met in this study:

Culturing the producer organism Brevibacillus parabrevis ATCC 10068, ATCC 8185 and
DSMZ 5618 (Chapter 2).

Profiling the variability of tyrocidine analogue and linear gramicidins production with HR-
ESMS (High resolution electrospray mass spectrometry) (Chapter 2).

Extraction of the tyrocidines and analogues (commercial and crude extract) and removal of
the linear gramicidins (Chapter 2).

Analysis of successfully purified extract using electrospray mass spectrometry linked to

ultra-performance liquid chromatography (Chapter 2).

Aim 2: Formulation and bioactivity assessment of the tyrocidines within various solvent and

additive formulations.

In order to reach the second aim, the following objectives were met in this study:

Preparations of tyrocidine formulations in six solvents namely, acetonitrile (ACN), ethanol
(EtOH), methanol (MeOH), tert-butanol (TBA), iso-propanol (IPA) and propylene-glycerol
(PG) alone (Chapter 3).

Combination of the tyrocidines in the six solvents with various co-formulants, namely
glycerol (Glr), zinc chloride (ZnCl) and calcium chloride (CaCl,) (Chapters 3).
Determination of the antibacterial activity of the various tyrocidine formulations after
deposition on polystyrene surfaces towards Listeria monocytogenes and Staphylococcus

aureus (Chapter 3).

Aim 3: Biophysical analysis of the tyrocidine formulations.

In order to reach the third aim, the following objectives were met in this study:

Analysis of higher order oligomerisation and tyrocidine self-assembly by assessing the
changes in tryptophan environment(s) in peptide formulations via fluorescence spectroscopy

(Chapter 4).
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e  Analysis of higher order aggregation and tyrocidine self-assembly by assessing the changes
in the oligomer profile using travelling-wave ion mobility mass spectrometry

(Chapter 5).

Thesis content summary

This thesis is comprised of six chapters, wherein Chapter 1 provides a literature review on
antimicrobial resistance, microbial surface contamination, antimicrobial peptides and current
developments in surface sterilisation. The experimental results are given in Chapters 2 to 5, which
were written as independent units in article formatting for ease in future publications, but potential
repetition was kept to a minimum. Finally, Chapter 6 provides a concluding summary and future

studies of all the work in this study.
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Chapter 1: Literature review

Overview of microbial resistance to current surface sterilisation and
antimicrobial peptides as alternative for active surface sterilisation
development.

1.1 Introduction

The rise in bacterial resistance towards conventional antimicrobial compounds is becoming ever more
prevalent and has been extensively reviewed [1-3]. The ability of microbial pathogens to adhere to
and colonize various surfaces resulting in microbial contamination and/or biofilm formation has been
observed in both the agricultural and medical industry alike [4,5]. The effects caused by these
bacterial pathogens are seen with food spoilage resulting in large post-harvest losses, thereby
decreasing the annual food availability [4]. Furthermore, microbial contamination within the medical
sector via infection or surface colonization influences the medical equipment sterility that results in
patient infections [S]. The main culprit aiding this problem is the extensive utilization of antimicrobial
compounds, namely antibiotics and biocides, which are not always fully effective in the removal and
elimination of microbial infections and contamination on surfaces, respectively [6]. This allows for
selective pressure on the target pathogens by these antimicrobial compounds, which encourage
resistance development. Parallel to the selective pressure on microbial organisms via antibiotics used
in agriculture and medicine, is the rising concern of a similar selective pressure placed by biocides

and sanitizing agents used in the food and medical industry alike [7,8].

Therefore, the discovery and development of novel antimicrobial compounds in formulations may be
the required approach to alleviate the rising concerns in preventing the colonization and biofilms of

resistant pathogenic organisms, no matter the industry they are applied in [9-11].

1.2 Brief overview of microbial resistance and tolerance

1.2.1 Antibiotic resistance

The development and misuse of antibiotics has led to increased resistance to antibiotic combinations
in many bacterial species [12,13]. This allows bacterial species to adapt to the point where infections
previously cured with antibiotics are no longer curable because these antibiotics are said to be
ineffective [12,13]. This evolving antibiotic resistance has led to the definition of bacterial species as
multi-drug resistant (MDR) species that exhibit high levels of resistance to antibiotics. This inability
of antibiotics to effectively kill these MDR species has resulted in increased rates of mortality in

MDR infected individuals [6].
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The increased degree of antibiotic resistance and the realisation that the current antibiotics are
becoming ineffective is linked to mankind’s failure to understand that antibiotic resistance is an effect
of evolution by bacteria. The production and over exploitation of antibiotics usage has now resulted
in mankind reverting to the age defined as the post antibiotic era [14]. The vast range of niches which
have acquired the ability to be resistant to antibiotics has increased and the realisation that the
contributors to this problem come from the microbes in the environment [14]. The environment and
the microbial communities within these environmental habitats have been ignored and were not
monitored over the antibiotic era. The problem is that only now is it realised that the microbial
communities within the environment play a crucial role in antibiotic resistance and the distribution

of these antibiotic resistant characteristics [14].

There are two forms of microbial antibiotic resistance which confer microbes the ability to negate the
effect of antibiotics, namely, intrinsic and acquired resistance. Intrinsic resistance refers to the
existence of genes within the bacterial specie which confers it the ability to produce a resistant
phenotype toward certain antibiotics such as multidrug resistant Acinetobacter species, fluconazole-
resistant Candida species, vancomycin-resistant Enterococci species and methicillin-resistant
Staphylococcus aureus [6,15]. These evolved mechanisms of defence include SOS responses to DNA
replication inhibition, genes encoding inactivation enzymes such as B-lactamases, limited uptake of

the drug, modification of the drug target, active efflux of the drug and in activation of the drug [16].

The problem posed by intrinsic resistance is that the bacterial specie containing the genetic code for
resistance can pass this on which in turn causes future generations to contain this degree of resistance.
Acquired resistance comprises of a mechanism in which the evolution of a specific antibiotic
resistance is built upon a scaffold which is transferred via a mechanism defined as horizontal gene
transfer (HGT) [14]. The significant issue which is created via HGT is that it violates the passage of
gene flow down generations which would not normally be present via normal reproduction and
replication processes [17]. This provides microbial species the ability to transfer genetic code from
one species to the next which are known to confer advantageous capabilities therefore making the
recipient have a better survival advantage against a specific “attack”, which in this case is antibiotics
[17]. The issue this introduces within the antibiotic realm is that bacterial species which were
previously not resistant now can obtain resistance due to the high exploitation of antibiotics in the

environment therefore making it a selective pressure for the bacterial species to evolve against.

1.2.2 Biocide tolerance by bacteria
The excessive usage of chemical agents in disinfectants and sterilisers allows for a direct influence

on the microenvironment of the bacterial target but simultaneously promotes a selective pressure
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leading to increased tolerance [18]. Bacterial biocide-tolerance is not a new phenomenon with
multiple studies from various industries, such as food processing industry [19,20], livestock and
agriculture [21,22], healthcare [23] and domestic environments [24], indicating the prevalence of
biocide-tolerant bacteria. Furthermore, as mentioned earlier there is a lack of diverse active
ingredients in the currently approved and used disinfectant and sterilising chemicals with 81% of the
products using either quaternary ammonium compounds (QACs), hydrogen peroxide, ethyl alcohol
and sodium hypochlorite, shown by Chen et al. [25]. Additionally, it was found that QACs are the
most utilized active ingredient making up 40% of the total 81% posing a significant problem with
exposure to bacteria by the same biocidal agent [25]. Although there are varying generations of QACs
that are used, the mode of action is similar between the different generations [26] suggesting that if
bacteria have intrinsic or acquired tolerance to a QAC, they will potentially display tolerance to the
other QACs [26]. Studies by He et al. showed surfaces frequently treated with QAC containing wipes
or sprays resulted in 24% of community isolated surface bacteria having tolerance to the QACs,
specifically BACs (first generation QAC) [27]. Various studies investigated the influence of chlorine-
based disinfectants in drinking water systems and identified multiple chlorine-tolerant bacteria
species specifically those of Pseudomonas [28], Bacillus [29], Legionella [30] and Mycobacterium
[31].

1.2.3 Mechanisms of biocide resistance/tolerance development

As in the case with antimicrobial resistance, bacterial tolerance and resistance can be grouped under
intrinsic or acquired in which intrinsic tolerance is a natural change or mutation in the bacterial
chromosomal properties whereas acquired tolerance is the acquisition or uptake of external mobile
genetic material that carry the biocide-tolerant/resistant genes (Figure 1.1) [18,29,32]. The negative
effect of this is that mechanisms of tolerance results in bacteria being influenced less by certain
biocides compared to other bacterial species [18]. Furthermore, physiological adaptations can further
enhance bacterial tolerance to biocides, especially cells that are within a biofilm, leading to lower
susceptibility to biocides compared to planktonic cells [29,32]. Selective pressure placed on bacterial
cells by biocide agents, especially when ineffective, can lead to increased tolerance through genetic
mutations [18,33]. This was observed in a study by Kim et al. [34] in which mutations were observed
in Pseudomonas aeruginosa (P. aeruginosa) pmrB gene after constant exposure to BAC (type of
QAQC) leading to changes in the outer membrane charge decreasing bacterial susceptibility. Assessing
the influence on mutation probability when exposed to varying concentration of alcohols, Horinouchi
et al. [35] observed that mutations in the relA, marC, proQ and rraA genes conferred increased

tolerance by Escherichia coli to isopropanol but also ethanol and butanol.
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The role of horizontal gene transfer (HGT) provides another avenue in which bacteria can obtain
mobile genetic elements (MGEs) that contain biocide-tolerant/resistant genes allowing for the
development of tolerance and resistance to biocides by the recipient bacteria [18]. These MGEs can
either be in the form of insertion sequences, genetic cassettes or plasmids with the overall objective
of carrying biocide-tolerant/resistant genes ultimately to be incorporated and replicated in the new
host cell [18,36-38]. The rising problem MGEs pose is that the ability of bacteria to obtain, integrate
and stockpile these tolerant genes will allow the rapid evolution and subsequent rise in biocide

tolerant bacteria [18].

Efflux pumping out
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Figure 1.1  Visual summary of the various resistance strategies developed and employed by
bacteria to overcome biocide exposure. Graphics adapted from [39] (OM = outer membrane, PG =
peptidoglycan layer; IM = Inner membrane; OMP = Outer membrane protein; HGT = horizontal gene
transfer)

The ability of biocide-tolerance related to the function MGEs specifically plasmids containing
biocide-tolerant genes have been explored specifically using BACs. Studies on Listeria
monocytogenes (L. monocytogenes) H7550 when exposed to BACs resulted in an increase in the
expression of pLMS80 genes located on the plasmid gene cassette, which contain two efflux pump
related genes (bcrB and berC) as well as berA which is controls the transcription of known multidrug

efflux pumps leading to increased tolerance by the microbial cells [40]. Furthermore, studies on
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biofilm formation by E. coli showed that there was an increased ability in biofilm formation along
with increased expression of multidrug efflux pumps with both effects related to the MDR pOLAS5?2
plasmid, encoding the efflux pump (0ogxAB) and the type 3 fimbriae (markABCDF), sequence of the
conserved conjugated LncX1-type backbone, when exposed to BACs [41].

Other mechanisms that may be employed by bacteria for biocide tolerance can be physical changes
to the membrane, such as compositional changes to the fatty acids, phospholipid bilayer and proteins
[33]. Membrane protein studies towards BAC-tolerant P. aeruginosa showed that when exposed to
BAC, there was an increased expression in the OprR outer membrane protein leading to a decreased
susceptibility to BAC, whereas when the bacteria had the OprR gene knocked out, the cells recovered
high susceptibility to BAC [42]. Changes in bacterial membrane potential were observed towards
P. aeruginosa [33], with findings by Kim et al. [34] showing that when the overall negative charge
of the membrane was reduced, there was decrease in the degree of positively charged BAC attachment

and adsorption.

As described earlier, biofilm formation within various industries is a significant issue especially due
to the nature of biofilms being able to colonise and contaminate various types of surfaces leading to
substantial problems [43-45]. Bacterial cells within biofilms are fully capable of withstanding high
biocide concentrations due to the advantageous nature of the biofilms [46,47]. A study performed by
Smith and Hunter assessed the effectiveness of three hospital used disinfectants on various relevant
hospital surfaces towards two grown biofilms, methicillin resistant S. aureus (MRSA) and P.
aeruginosa [48]. Findings revealed that the treatment at recommended concentrations did not result
in complete killing of the bacteria with, 11% of MRSA and 80% of P. aeruginosa still being viable
within their respective biofilms [48]. Furthermore, the minimum inhibitory concentration (MIC) of
the tested biofilms in the biofilm were found to be between 10 to 1000 times higher compared to the
same cells not within a biofilm [48]. Another biocide tolerant factor offered by biofilms to bacteria is
the physical properties of the biofilm that confer various mechanisms such as reduced biocide
penetration and diffusion leading to sub lethal concentration exposure [49,50], enhanced bacterial
mutation and increased frequencies of horizontal gene transfer [49,50]. Two studies performed on
HGT frequencies within biofilms of P. aeruginosa showed that when the cells were in a biofilm, there
was a 100-fold to 1000-fold increase in HGT frequencies when compared to the planktonic cells
[51,52]. Additionally, Ehlers and Bouwer in the same study, demonstrated that when present within
a biofilm, the close physical proximity between those bacteria facilitated a higher degree of HGT

compared to free planktonic cells [52].

Biofilm forming bacteria possess the ability to colonize any surface and are extremely problematic

not only within the healthcare system but also with the industrial, food and public sectors [43-45].
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Furthermore, multiple performed studies by Cooper and Hanlon [46], Shen et al. [47], Smith and
Hunter [48] and Wong et al. [53] have shown that biofilms further enhance and provide bacteria with
a means to overcome biocide exposure, even at high biocide concentrations with the downstream
impact being suboptimal concentration exposure leading to increase tolerance development [49,50].
The link between biofilms, resistance and bacterial surface attachment strategies will be explored

further below.

1.2.4 Biofilms

A biofilm, as described by Flemming [54], is a structure that is formed because of a microorganism’s
initial attachment and subsequent colonization of abiotic or biotic surfaces, followed by the
production of the extracellular polysaccharide matrix (EPS). Biofilm formation is a common and
problematic phenomenon within multiple industries such as the dairy [55], wine [56], medical [57],
water [58], food [59] and power [60] industries leading to substantial negative effects such as product
loss and spoilage, equipment failure and infections [55-60]. The reasoning in their lack of prevention
can being attributed to either poor or insufficient disinfection methods for the equipment or working
surfaces [61].This has resulted in a profound need in the development of an alternative state-of-the-

art wide range applications and techniques for biofilm prevention and eradication [62,63].

The essential requirements for the formation of a biofilm by bacteria is reliant on two major factors
namely the microbes themselves and a substrate on which to bind [64]. If there is a lack of either of
the two factors, no biofilm formation will occur, which is expected [64]. Additionally, the formation
of a biofilm provides many advantages for the bacteria for example protection from antibiotics [65],
cleaning and disinfection agents [66], various environmental and mechanical changes [67] and the
ability to adapt and survive in nutrient poor conditions via potential upregulation or downregulation
of various bacterial genes [68]. Furthermore, it has been documented that bacteria present within
biofilms exhibit a degree of resistance to antibiotic treatment [69-71], with the mechanisms being due
to the biofilm’s barrier protection and function, the presence of dormant persister cells and the ability
for horizontal gene transfer and upregulation of various antibiotic resistant genes being enhanced in
the biofilms [69-71]. Additionally, experiments performed by John ef al. [72] revealed that bacterial
surface adhesion causes changes to the bacterial membrane which further enhance antibiotic

resistance namely the reduction in the negative surface charge and membrane enhancement.
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1.3 Overview of microbial surface adhesion and colonisation

1.3.1 Mechanisms of surface attachment

Prior to the attachment to a surface bacteria are suspended within a solution from which there are
three areas that motile bacteria occupy being the bulk liquid, near surface bulk liquid and lastly the
near surface constrained liquid [73]. Depending on the liquid phase the bacteria are present in, the
effect from the surface on the bacteria varies, thereby influencing their interaction with the surface or
not, with the near surface bulk liquid having hydrodynamic effects while the near surface constrained
has both hydrodynamic and physicochemical effects on the cells [73,74]. The surface on which
attachment will occur provides the conditional layer which serves as the foundation for attachment
and is the first step to surface attachment. It is important that the surface characteristics such as the
surface charge, surface tension and surface potential are favourable for attachment [75,76]. When
exposed to favourable, binding surface conditions bacteria undergo two attachment phases namely
reversible and irreversible attachment. Reversible attachment occurs when bulk liquid cells interact
with the conditional layer, and it is a very rapid and quick onset that is driven by hydrodynamic and
electrostatic interactions [77,78]. Studies performed by Busscher et al. [79] attributed the rapid
surface attachment by bacterial cells to physicochemical effects rather than biological effects in which
multiple events such as loss of interfacial water, cellular repositioning for increased surface area for
attachment and surface structural changes occur leading to stable surface attachment. Additionally,
due to the net negative charge on the surface of bacteria, there is a higher degree of interaction with
a positively charged surface, especially during the early development in cellular growth [80]. This
has been shown in studies performed on E. coli which revealed that structural changes induced by
quorum sensing resulted in an increased net negative charge on the cell surface leading to improved
surface binding [81]. Irreversible attachment occurs when cells absorbed to the surface via reversable
attachment now become fixed against that surface [76]. This is driven by van Der Waals interactions
that occur between the outer cellular wall (hydrophobic region) and the attached surface [82].
Furthermore, as the cells become immobilized on the surface, studies have shown that physical
changes of the bacterial appendages such as flagella, fimbria and/or pili occur to as further anchoring
of the cells to the surface by overcoming the physical repulsion by the surfaces [83,84]. When binding
occurs between the bacterial cells and molecules presented on the surface, these organelles are
terminated and replaced with adhesins [85]. Early studies on E. coli revealed that although bacteria
may be present within the same niche and may present adhesins, they will not interact with the same
surfaces, which was shown for their type I and type II pili [85]. Once the irreversible attachment has

occurred, cellular proliferation and the production of the extracellular polysaccharide (EPS) matrix
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[86] followed by mature biofilm formation [87] ultimately to then lead to detachment of individual

bacterial cells or clumps leading to the dispersion and colonization of other surfaces [88,89].

As described earlier, the ability of microbes to attach and colonize various surfaces leading to
detrimental effects is very problematic [55-60] with multiple strategies being investigated to control
surface chemistry [90], controlling the surface structural properties [91] or the development of seeded
surfaces with antibacterial compounds [92,93]. Multiple material studies have been performed and
reviewed [94-97] assessing surface characteristics that have different impacts on bacterial attachment.
Attachment to hydrophilic surfaces (high surface energy materials) occurs when the surface energy
of the bacteria is larger than the surface energy of the liquid they are within (bulk liquid). Furthermore,
attachment to hydrophobic surfaces (low surface energy materials) occurs when the surface energy

of the bacteria is less that the surface energy of the liquid they are suspended in [98].

To prevent or develop technologies in preventing surface attachment, understanding the how to
manipulate the different surface properties and the role they have on attachment is vital. These can
be split into two different groups namely physiochemical surface properties and environmental
factors that influence bacterial adhesion to a surface [82,96,97]. Surface charge density has been
attributed to be a vital surface property that facilitates bacterial binding, with van der Waal forces and
electrostatic interactions being the major forces [82,97]. Furthermore, as bacteria possess a net
negative surface charge, they are expected to have a higher attachment affinity for positive surfaces
compared to negative surfaces [99]. Various studies on P. aeruginosa reported more adhesion to
positive surfaces of poly(methcrylates) [100] and poly(acrylic acid) [101] compared to negatively
charged surfaces respectively. Interestingly, although a trend between bacterial negative charge and
positive surfaces charges are observed, some studies have reported the ability of some bacteria to
overcome the electrostatic repulsion by their surface organelles (fimbriae) [102]. Seen in E. coli and
P. aeruginosa, Rzhepishevska et al. [103] observed that the bacterial LPS assisted in adhesion to a
negatively charged surface, suggesting that surface charge density manipulation is not a single factor
to consider when attempting to prevent bacterial adhesion. Surface roughness is another factor to be
considered when assessing the viability of a surface to promote or discourage bacterial adhesion. It
is considered that as there is a direct relationship between surface roughness and bacterial adhesion,
with an increase in surface roughness leading to an increase in bacterial attachment and biofilm
formation [104,105]. This is because there is an increase in surface area for bacterial attachment
thereby providing a scaffold allowing bacterial attachment [104,105] leading to bacterial protection

from sheer forces preventing bacterial removal [106].

Studies performed by James et al. [107] observed that for Staphylococcus epidermidis (S.

epidermidis) and P. aeruginosa, bacterial adhesion was significantly higher on rough surfaces
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whereas the opposite was observed for smooth surfaces [107]. Surface material adhesion studies
further observed that there was a direct correlation between surface roughness and bacterial adhesion,
with S. epidermidis showing much higher adhesion to course biomaterial groups compared to fine
groups [106]. It is evident that surface characteristic and properties have an important role in dictating
if adhesion will be achieved or not. Furthermore, another factor assessed and able to be exploited by
bacteria is surface topology and layout, in which bacteria interpret surface mechanical information in
which the microscale and nanoscale features will influence binding differently [95]. Surfaces that are
larger than the bacterium will allow for greater contact area and shielding leading to better attachment
[108], whereas the opposite is observed in surfaces smaller than the bacterial cells [108]. Interestingly,
studies on the superhydrophobic physical surface characteristics as an alternative in prevention of
bacterial attachment have been explored as a new antifouling concept. Studies performed on shark
skins revealed that bacterial adhesion was impaired on protruding surfaces compared to smooth
surfaces [109], while gecko skin studies displayed superhydrophobic traits in acting as an anti-wetting
barrier, leading to very low bacterial adhesion [110]. Additionally, the development of micro- and
nano surface structures with specific height and spacing have allowed for self-cleaning and killing
anti fouling surfaces towards adhering bacteria [110,111]. Successful studies testing cones [112],
varying silicon heights [113] and various hemispheres [114] resulted in successful prevention of
bacterial adhesion and bactericidal effects towards S. aureus and P. aeruginosa for the smaller and
more densely packed structures. Although studies tend to look at individual physiochemical
parameters to assess biofilm formation or prevention, limitation in studying the effects of multiple
surface parameters being merged requires much more investigation to enhance the surfaces’ ability

in preventing biofilm formation.

Parallel to physiochemical factors that can influence bacterial adhesion to surfaces, environmental
factors may also contribute to enhancing or preventing surface adhesion. Factors such as pH,
temperature and fluid dynamics all have been shown to influence the ability of surface adhesion for
bacteria. Due to the presence of proton pumps situated within the membrane of bacteria, changes to
external pH will result in an influx of protons from resulting in an inbalance of the cytoplasmic pH
resulting in a biocidal effect [115]. Studies by Stepanovi¢ et al. [116] have shown that successful
biofilm formation can be linked to nutrient intake which can be influenced by altering the temperature
the microorganisms are exposed to [116]. Therefore, as nutrient uptake and utilization can be linked
to enzymes, with many enzymatic reactions driving physiological and biological processes, changing
the temperature will result in reaction rate changes leading to optimal or inhibition of cells
development [76]. Lastly, fluid dynamics have been suggested to have a role in either promoting or

preventing biofilm formation of various surfaces, with biofilm formation and growth occurring when
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exposed to fluid conditions [117]. Interestingly, it was observed that when S. aureus was exposed to
shear flow fluid conditions that an increase in EPS production and strengthening of the EPS matrix
occurred, serving as a protective role [118], enhancing the biofilm formation [119]. Additionally, a
study by Rodesney et al. [120] observed that when P. aeruginosa was under sheer fluid stress, an
upregulation of c-di-GMP signals were observed which function in promoting biofilm development.
Therefore, when biofilms develop under sheer stress fluid conditions occurring, the result is the

increased expression of proteins favouring bacterial growth [120].

1.4 Sterilisation and disinfection: Current approaches and issues

1.4.1 Current understanding of sterilisation

The ability of harmful microorganisms to adhere and colonize various inanimate surfaces, followed
by subsequent biofilm formation, is a substantial problem in multiple industries. Furthermore,
prolonged surface and biofilm adhesion by the harmful microorganisms allows for the surfaces to
become secondary reservoirs for indirect bacterial transmission leading to the dispersion from one
contaminated surface to many others [121,122]. To circumvent this issue, current approaches rely on
intensive and indiscriminate usage of cleaning and disinfectant agents, however, limited insight and
understanding of the selective pressure and efficacy of these agents on microorganisms have been
overlooked [18,25]. Furthermore, highlighted by the recent COVID pandemic, there has been a
significant increased usage of many cleaning and disinfecting chemicals [25] leading to the concern
of antibiotic co-resistance phenotype with biocides or AMR bacterial gene selection conferring
biocide resistance [16,123,126]. As the focus has shifted from limiting antibiotic usage as a means of

control, alternative effective approaches are required [124].

The function of disinfectants, cleaning, and sanitizing agents, or combinedly known as biocides, is
the effective removal of biological contaminants, microbial cells, or life, from a product or surface
by either inhibiting cellular growth or killing the target organisms by rendering them to levels that
are justified as “safe” by industry standards [123,125,126]. Although defined under the same banner
of biocides, the role of a disinfectants differs considerably to that of a sanitizer with both being part
of the biocontamination procedure [127]. This is namely that disinfectants inactivate microorganisms
to appropriately defined levels while sanitizers function to completely remove and microorganisms
from a product or surface, rending it sterile [125]. Although the primary focus of disinfecting and
sterilization is towards the consumer and the consumers product, the goals differ between industries
and should be considered when developing or using disinfection or sterilisation methods as there is
no uniform standard definition on the market for all industries [128,129]. Furthermore, factors that

need to be considered when either using or designing sterilizing or disinfecting agents are the type of
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biocontaminants, the surrounding environmental conditions and the time of exposure of the sterilant
to the target [128,130,131]. Understanding the bioburden of the target microorganisms is paramount
in effective development and usage as understanding the influence of the sterilant on target’s growth
and proliferation once exposed and the distribution of the microorganisms on the surface will affect
the efficacy of the sterilizing agent [132]. Factors that are important to understand are the method of
sterilization, the type of applied sterilizing agent and how this will impact the overall quality and final
sterilized surface [133]. Moreover, operations and working environmental safety of the sterilisation
agent needs to be considered and the impact of sterilant toxicity and negative environmental impact
and risks need to be determined [134]. Lastly, for the successful development and implementation of
a sterilisation method, the sterilant needs to be in contact for a specific “dwell time” with the target
allowing for effective decontamination and/or sterilisation of the product or surface [125]. Factors
that need to be considered for an effective decontamination of a product is 1) the sterilant needs to be
evenly and homogenous distributed on the surface and towards the target, 2) the concentration of the
sterilant is constant throughout the entire process, 3) the sterilant must be capable in penetrating
through porous materials indicating good penetration strength, 4) long enough and constant contact
time between the sterilant and microbial target [125]. To achieve this, three categories of sterilisation
techniques namely, radiation sterilisation (X-ray, gamma, ultra-violet and E-beam irradiation [135]),
thermal sterilisation (dry heat [125] and moist heat [125]) and chemical sterilization (liquid phase,
gas phase and mixed phase) [125], in combination or singular use, have been developed and applied
to the respective application. For the purposes of this literature review, only chemical sterilization

will be briefly defined as this project and research falls under this category.

A chemical sterilant can be defined as a compound or substance that has microbicidal properties such
as DNA and/or RNA synthesis inhibition, interfering or inhibition cellular function, protein and
enzymatic inhibition or directly interacting with the cellular membrane and wall, will all these factors
resulting in microbial cell death [125]. As highlighted by the 2020/21 COVID pandemic, there was a
substantial spike in the employment and treatment of surfaces using “liquid phase” chemical sterilant
with the primary function in decreasing microbial surface contamination achieved via spraying of
surfaces [25,125]. Although there were many disinfectants and sterilization products developed and
released, a significant drawback is the lack of diversity of the active ingredient, with two thirds of the
common active ingredients being either quaternary ammonium compounds, hydrogen peroxide,
chlorine, iodine, chlorohexidine, ethanol, ethylene oxide and sodium hypochlorite [25,136]. The
problem this creates is due to their significant role in various industries, the public and private

domains, the creation of selective pressures and the potential oversight into the presumed
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insignificance of resistance to disinfectants is the overall lack of attention for it being a rising concern

[137,138].

1.4.2 Drawbacks of excessive sterilisation

As described earlier, antimicrobial resistance has gained significant attention over the years because
of the inappropriate and excessive misuse of antibiotics. Increased antibiotic resistance las led to
significant economic pressures in various industries such as medical/heath [139], agricultural [140],
food [141] industries [142]. However, minimal interest and attention has been placed on the excessive
exposure of disinfectants and sterilizing agents that may promote resistance to biocides and give rise
to further antibiotic multidrug resistant bacteria [26,34]. This is brought about because excessive and
chronic exposure of biocides to microbial targets in the wide array of applications may allow for a
selective pressure to arise of subeffective concentrations leading to resistance development as
reviewed in detail by Malani er al. [143], Merchel Piovesan Pereira et al. [144] and Mulder et al.
[145]. Furthermore, increased concerns have arisen regarding the adverse effects of the chemical
agents towards various environments and ecosystems such as urban wildlife [146], natural
microbiota, aquatic environments and ecosystems as in general [147]. This collateral damage is
because of the injudicious usage that inevitably will lead to antimicrobial resistance and dysbiosis
once it is discharged, dispersed or disposed in the environment [25,148]. Coupled with environmental
concerns is the overlooked direct risk placed on community and public settings, in which the massive
amounts of chemical disinfectants and sanitizer usage in regular surface cleaning may allow for the
emergence of biocide-tolerant and drug-resistant antimicrobial pathogens leading to direct transfer to

and between humans via surface contact [148,149].

The utilization of disinfectants and sterilizing agents are paramount in reducing and preventing
microbial spread and contamination [150] and infection prevention and spread [151], even more so
when they are used correctly. However, as described earlier, the selective pressure applied to
microorganisms may contribute to the development of biocide tolerance and drug-resistant resistance
within various community and industry orientated environments enhancing bacterial transfer and
spread. Furthermore, multiple studies have identified and reported on the acquisition of antimicrobial-
resistant bacterial pathogens were associated with high touch surfaces in public and indoor
environments [152,153]. He er al. [154] found that when assessing high contact areas, door handles,
dumbbells, toilet handles and bathroom faucet handles, within four gyms and two school observed
that 9.6% of the isolated bacterial strains were BAC-tolerant, with identified BAC-tolerant
Staphylococci strains having resistance towards antibiotics penicillin and ampicillin [154].
Furthermore, all the BAC-tolerant strains were isolated from frequently cleaned, wiped, or sprayed
surfaces whereas bacterial strains isolated from non-BAC cleaned surfaces displayed no BAC
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tolerance but were all susceptible [154]. In a 244 double-blind study performed Carson et al. BAC-
insensitive bacteria were identified in the homes assigned to using biocide cleaning agents and these
isolates further displayed resistance to various antibiotics [155]. Additionally, incorrect use of
disinfectants and sterilising agents is a highly common issue, specifically related to human error and
misuse [156], inappropriate dilutions, insufficient contact time and external interference with the
disinfectant during the disinfection process which may all result in bacterial exposure to sub-lethal
concentrations [157,158]. The significance these studies highlight is that the excessive usage of the
current chemical disinfectants in the different settings has resulted in undesirable consequences,
specifically the increased tolerance and resistance development to antibiotics by bacteria due to the
selective pressure. Therefore, there is a urgent need to develop and implement new, effective methods

with limited-tolerance and resistance development for surface applications.

1.5 Alternatives to conventional sterilisation and disinfection

1.5.1 Strategies to create self-sterilising surfaces

The ability of microorganisms to colonise and subsequently contaminate a wide array of different
surfaces has placed an increased intensity in developing new fabricated active surfaces [159] with
surfaces serving as a medium of transmission and spreading of the microorganisms especially in high
contact areas thereby representing a source of infection spreading [160]. At presently used extensively
are the various types of cleaning and disinfecting methods as an agreed process in maintaining
effective infection prevention and microbial transfer on surfaces, especially since microbes have been
shown to be able to survive on surfaces using biofilms within the healthcare and community-
orientated environments [161]. Alternative approaches in preventing biofilm formation by either
creating surfaces or materials that disrupting/preventing adhesion or by the direct of killing the
bacteria have become paramount [159,162]. One developmental approach which hold great promise
is the development of active antimicrobial coatings in which surface of the materials is coated or dried
with an active antibacterial compound that can elicit active when exposed to a target [152,163]. Active
surfaces can be divided into two groups namely, antibacterial (bactericidal) and antibiofouling, with
the developments and applications of various active surfaces have extensively been reviewed by
Hasan er al. [152], Yang et al. [124] and Campoccia et al. [164]. Antibacterial surfaces can be defined
as surfaces which exhibit antibiofouling traits or are able to kill the bacterial cells when in contact
with the surface [165]. Antibiofouling surfaces are surfaces which prevent and resist bacterial cellular
attachment by having the surfaces provide undesirable and unfavourable binding conditions either
via topological or surface chemical modifications [166]. Table 1.1 provides a brief summary of the

two different approaches along with effects elicited on the microbial targets.
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Table 1.1 Brief overview of current antimicrobial surface design strategies
Desion roach Antimicrobial effect Referen
esign approac Antimicrobial Anti-adhesive cerences
QACs, AMPs,

Titanium coating,

Surface coating Nanoparticles, Jwitterions [184], [187]
polymers
Polyanionic
Chemical covalent bonding surface, s'u'rface
e wettability, [188]
modification QAC:s, nanotubes
polyethylene
Surface Iveol
modification gy
surface
Physical nanopatterns, Surface charge, [173]
modification nanowires, Surface stiffness
nanopillars

1.5.2 Chemically functionalised antimicrobial surfaces

Described earlier in this chapter, bacteria possess various mechanisms in which they can attach and
adhere to various surfaces specifically when assessing the surface characteristics. To overcome these
advantages, present by bacteria, various self-cleaning nature bio-inspired surfaces have been studied
from natural surfaces such as leaves, shark skin, fish scales and insect wings [124] promoting the
development of bio-mimicked surfaces [124]. Factors that have been shown to influence bacterial
surface attachment include the wettability, surface charge, surface topography and surface stiffness
as well as their combinations (Figure 1.2) [124]. Assessing the wettability, one approach is the
development of super-hydrophobic and super-hydrophilic surfaces in which the surfaces are coated
or grafted with polymers leading to the reduction of microbial adhesion [121]. A study performed on
the biofilm attachment of S. aureus by grafting polyurethane with a tyramine-conjugated polymer
resulted in the reduction of bacterial attachment and subsequent biofilm formation to the surface
[167]. Additionally, development of super-hydrophilic surfaces allows for the decrease in bacterial
protein attachment to the surfaces of which various studies have successful tested coating with
hydrophilic polymers and zwitterions [167,168]. A study assessing the effectiveness of zwitterions
was performed by coating cotton surfaces it was observed that the surfaces was able to resist bacterial

adhesion, as well as being successful in killing attached bacteria [169].

Modifications to the surface topography in which the surface can be structured to provide a more
direct physical means in decreasing and preventing bacterial attachment specifically pattern usage
has more recently gained traction [170,171]. As expanded on earlier, surface roughness studies
observed a direct correlation between smooth surfaces and bacterial adhesion, therefore effective

changes on the surface micro and nanostructures can influence bacterial adhesion and subsequent
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surface colonisation [161]. Structures that have gained attention in reducing the surface area for
bacterial adhesion and colonisation are superficial nanostructures such as nanotubes, nanoparticles
and nanofibers as shown by Yang er al. [172], showing successful anti-adhesion, growth and
colonisation by E. coli and S. aureus when using a submicron scale pillar patterns [172]. An
alternative surface modification is related to contact killing in which the bacterial surfaces are
ruptured by the surface structures specifically nanopillars [173] and nanowires [174]. Although this
can be defined as antibacterial due to killing the bacteria, these are grouped here due to not containing

any active compounds that illicit the killing of the target cell.

&

Surface wettability

(Hydrophilic/hydrophobic surfaces) @

a @G \/ﬂ"

i

Surface stiffness Surface topography

!

Surface charge

Figure 1.2 Non-active antimicrobial containing surface strategies to limit microbial adhesion
representing surface wettability, surface charge, surface stiffness and surface topography approaches.
Adapted from [124].

Another such development takes inspiration from the dragon-fly wing was tested by Ivanova et al.
[165] in which black silicon surface nanopillars mechanically disrupted the cell integrity of tested

Gram-negative and Gram-positive bacteria.

1.5.3 Active compound containing antimicrobial surfaces

Although physical surface modifications listed above provide the approach in preventing bacterial
adhesion, however they cannot always successfully prevent adhesion thereby rendering them
ineffective for their designed purpose. Therefore, an alternative design approach is the development
of active compound containing surfaces in which the bacterial targets are directly killed when
encountering the surface (Figure 1.3). Active antimicrobial surfaces treatments can be broadly
categorised as being developed using surface polymerisation, coatings, surface functionalisation or
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as natural materials which possess intrinsic antimicrobial activity [124,159,161,175] (Table 1.1).
Briefly, surface polymerisation involves modifying a surface using covalent bonding or atom radical
transfer of the antimicrobial agent to the surface [175,176]. These include and are not limited to
antimicrobial metals, which also display intrinsic activity, such as Zn*t, Ag*, Ca*, polymers ,with
the most notable and widely used being chitosan, and antimicrobial peptides [161,177] (Table 1.2).
Silver for example, possesses substantial antimicrobial activity and therefore has an extensive record
in being used in medical applications [178] with applications of silver nanoparticles having been
vastly explored in biomaterials for implants, namely catheters [179]. The activity of the metals is
proposed to be linked to two methods, namely the generation of oxidative stress resulting in the
formation of reactive oxygen species (ROS), as observed in studies performed by Richards et al.
[180] and Xiao et al. [181] in which the addition of gold (Au) resulted in an increase of ROS resulting
in increased biofilm inhibition and killing activity when compared to H>O> alone. The second method
of activity may be attributed to the binding of the free metal ions to the bacterial membrane leading
to overall bacterial membrane disruption and ultimately cellular death [182] as was observed in a
study using Zn?* in which bacterial cells underwent cellular shrinking, twisting and then cellular death

[183].

The loading or immobilisation of an antimicrobial compounds, such as polymers, on a material
(physiochemical absorption) is another method in which active surface can used in active material
development (Table 1.2). This is achieved by covalently bonding a surface material with the polymer,
such as QAC:s, due to their high degree of activity but also long-term stability and activity [124]. As
described earlier, QACs are the primary active ingredient in current disinfectants, with compounds
such as chlorohexidine, nitric acid and benzalkonium chloride [25,161], and are useful due to their

strong bacterial contact killing by destroying the bacterial membrane [183].

Antibacterial Antibacterial metals

Peptides/polymers

Figure 1.3  Summary of described active compound containing antimicrobial surfaces with the
schematics representing the antibacterial peptides/polymers and the antibacterial metals. Adapted
from [124].

1-16



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

Table 1.2 Different antimicrobial groups and material applications
Group Active agent Application References
Polvvinvl pvridine Disinfectants, water treatment,
Polymer olymers I()C};ACS) healthcare, [184]
y pPoLy pharmaceutical applications
DDA bromide Medicine [193]
. Silver Medicine, wound dr_essmg, cosmetics, [194]
Nanoparticles plastics

TiO; Medical, water purification [188]
AMPs Biomaterials, pharmaceuticals [195]

Natural Plant leaves and animal =~ Medicine, industry vessels and pipes,
. . [165]

skin inspired surfaces ship hulls

Surface studies using hydrophobic polycation QACs were observed to display activity when
covalently bonded to the surfaces [175]. Additionally, studies using N-alkylated poly(ethyleneimines)
(PEIs) by being covalently bonded to cotton, wool and various polyester surfaces displayed varying
degrees of activity which was linked to variation in the size and weight of the PEIs [184]. This is
achieved due to the positive charge carried on the nitrogen in the ammonium group that interacts with
the negative bacterial lipid membrane leading to lipid disruption [185]. Interestingly, antimicrobial
enzymes have also displayed great potential when applied to materials with examples such as
hydrolysing enzymes (subtilins) [186] and various polysaccharide degrading enzymes (amylases and

lysozymes) showing significant activity against bacteria when assessing the active surfaces [186].

Another method in developing active surfaces is photo activated surfaces with titanium oxide (TiOz)
being the most well documented and studies material with it not only exhibiting activity to a wide
range of targets such a bacteria, fungi and viruses but it also being applied in various applications
(skincare, water treatment and wall coatings) [189,190]. Activity of TiO; is maintained for a long
period of time and this can be linked to the surfaces only being activated once exposed and
subsequently irradiated by a specific light energy (photon) [191,192]. Once activated, the generation
of ROS occurs due to a photo-oxidative reaction between O> and H>O» taking place on the surface.

The generated ROS will bind to the cell membrane leading to cellular leaked and later lysis [191,192].

The application of active compounds to materials can be performed using the coatings approach in
which surface coatings is the most used method for the fabrication of antibacterial materials and
surfaces [159,196]. This method can be defined as either the incorporation or build-up of an
antibacterial compound into or onto the material, from which the activity of the antimicrobial
compound is either due to coming into direct contact with the microbial target or being by releasing

itself from the surface [175]. Incorporation of the antimicrobial compound occurs at the beginning of
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material development in which the compound is added to the ingredients during production leading
to a mixture of material and antimicrobial. The advantage this provides is that not only is the surface
protected from bacterial attachment and colonisation but also deeper layers in the material possess
antibacterial activity resulting in much longer prolonged activity even when the material is severely
worn out and degraded [197]. This approach was successfully tested using textile fibres against S.
aureus by Li et al. [198] in which the produced bandages containing ciprofloxacin resulted in
decreased wound infection when exposed to E. coli and S. aureus species in animal rat trials [198].
Han et al. [199] were able to successfully develop dental adhesive by incorporating methacrylates
(QACs). When testing the biofilm formation of Streptococcus mutans (S. mutans), Streptococcus
gordonii (S. gordonii) and Streptococcus sanguins (S. sanguins) they observed significantly

decreased biofilm formation compared to dental adhesive without QACs [199].

Alternative to incorporation is the coating of a material with the active compound is achieved by
either adsorption (non-covalent modification) of the compound onto the material surface, covalently
binding it to the material or via compound immobilisation to the material using self-assembly layers
onto the surface (non-covalent) [161]. Although antibiotics are not favoured to be used for coatings,
the application of antibiotic coatings was shown to be successful in a study performed by Neut et al.
[200]. The authors coated gentamycin onto a prosthetic hip and this coating resulted to limiting S.
aureus biofilm growing and adhesion on the prosthetic hip surface. Studies by Iyamba et al. [201]
using QACs showed that when the compounds were immobilised onto catheters, there was a
significant reduction in S. aureus adhesion, whereas in the second study of Zanini et al. [202]
observed increased activity towards E. coli leading to decreased surface adhesion when compared to

the control surfaces was observed.

The development of active surfaces has gained traction with the focus moving from antibiotics, due
to the ability of resistance development, to alternative compounds such as QACs. However, as
elaborated on earlier in this chapter, bacteria have started developing resistance and tolerance towards
currently utilised disinfectants and sterilising agents such as QACs with an additional drawback of
QAC surfaces being their ability to induce irritation and inflammation [203]. A group of compounds
that have gained much attention and hold great potential in solving QAC drawback, as well as reduce
resistance development are antimicrobial peptides (AMPs). AMPs are a class of peptides with broad
spectrum of activity, multiple modes of action (Figure 1.4) and low susceptibility to induce resistance
with recent studies showing the significant advantages that AMPs have resulting in them being
desirable active compound for loading onto materials [204,205]. Ma et al. [204]. successfully loaded
the HHC-36 AMP onto TiO:2 nanotubes and observed significant anti-biofilm and anti-microbial

activity when assessed against S. aureus (activity was > 99%). Additionally, Cassin et al. [206] was
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able to develop anti-infection films for injured tissues when using LL-37 in combination with

collagen.

1.5.4 Antimicrobial peptides as actives in coatings

As described above, AMPs show great promise and have gained significant interest due to the various
advantageous characteristics they possess. Therefore, as they hold such great promise, AMPs can be
used as the active ingredient in the coatings. Factors that need to be considered when developing an
ideal antimicrobial coating when using a antimicrobial polymer can also be applied when selecting
for a antimicrobial peptide. These factors are that the active compound 1) is easy and inexpensive to
produce, 2) has long-term stability, 3) is not soluble in water when used for water-disinfection 4).
does not produce any toxins when broken down, 5) does not cause skin irritation or have toxic effects
towards people working with it and most importantly 6) possess antimicrobial/biocidal activity

towards a large broad spectrum of pathogenic microorganisms, 7) without eliciting resistance.

Antimicrobial peptides are characterised as small peptides that display a broad range of activity
towards a wide array of microorganisms such as bacteria, fungi, viruses and parasites [207-209].
Additionally, the rapid multi-mode of action antimicrobial activity possessed by AMPs is another
advantage [208,209]. Furthermore, many of the host AMPs have various roles in biological functions
such as immune regulation [210], wound healing [211] and antitumor activity [212]. AMPs serve as
the first line host defence to clear infections due to drug resistant bacteria, the latter being the
consequence of overuse of antibiotics [213]. This is because AMPs show substantial advantageous
due to their broad range of activity and multi-modes of action such as eliciting activity on the bacterial
membrane, inducing cellular leakage, exert intracellular actions, binding to DNA, RNA or preventing
cellular processes [209,214] (Figure 1.4). These actions explain their potent antimicrobial activity

towards antibiotic resistant bacteria [209,214].

AMPs have been isolated from a wide array of organisms such as microorganisms [215], reptiles
[216], birds [217], mammals [218], and plants [219]. Nisin, a very well-known AMP isolated from
lactic acid bacteria, has been shown to disrupt and destroy the bacterial membranes and inhibits
bacterial cellular function by disrupting the bacterial DNA against a wide array of Gram-positive and
Gram-negative bacteria [220]. Furthermore, nisin is generally regarded as safe (GRAS) and possesses
antiseptic properties that has been extensively utilised as a natural preservative in various food
products [220]. Plant AMPs such as the thionins, defensins and cyclotides have an important role in
protection by protecting plants from pathogenic microorganisms from the air and soil environments
[221]. In mammals, AMPs have a vital role in the innate immune system from which two classes of

AMPs have been derived namely, cathelicidines and defensins [222]. The first class of AMPs the
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cathelicidines exhibit broad antimicrobial activity towards multiple Gram-positive and Gram-
negative bacteria [223] and have been isolated from fish [223], rabbits [224 and goats [225] with
humans only having one cathelicidin, LL-37 [226]. Cathelicidins are broad spectrum but selective
with cathelicidin-PV having activity towards Gram-positive and Gram -negative bacteria, various
fungi, multiple antibiotic-resistant bacteria all the while having low haemolytic activity [227]. The
second AMP group, defensins, can be divided based on the arrangement of the disulphide bonds
resulting in a- , B- and 6-defensins [228] with a- and - defensins only being present in humans, f3-

defensins in reptiles and birds and 0-defensins in lower primates [222].

Variation in AMP amino acid composition, charge and structure gives rise to variation in peptide
structure and properties, further limiting the resistance development possibilities. From this vertebrate
AMPs can be subdivided into four distinct groups namely, anionic AMPs [208,209,229], cationic a-
helical AMPs [208,209,229], B-sheet AMPs [208,209,229] and lastly extended cationic AMPs
[208,209,229,231]. Briefly, anionic AMPs are comprised of a-helical peptides and cyclic cystine
knots [229] and can interact with microbes via salt bridges formed by utilising metal ions and the
negative membrane charge [230]. Cationic a-helical AMPs are disordered when in an aqueous
solution but in the presence of liposomes, phospholipids and micelles are transformed into a
amphiphilic a-helical structures as 50% of the amino acids are hydrophobic [231]. Cationic B-sheet
AMPs, mostly comprised of defensins [229], which are comprised of 2-8 cysteine amino acid residues
leading to the formation of 1-4 intramolecular disulphide bonds that are essential in structural
stabilisation and eliciting biological activity of the peptides [229]. Lastly extended cationic AMPs are
comprised of specific amino acids such as proline, tryptophan, glycine, arginine and histidine,
however, they lack secondary structures [229,231] with their structures relying on only hydrogen

bonds and Van der Waal forces in order to interact with the target membrane [232].

The interest in developing surfaces that are able in preventing bacterial adhesion and subsequent
biofilm formation that in turn prevents or decreases infection and disease transmission has increased
drastically in recent years. Investigation into various materials and surfaces using AMPs has been
performed as shown in Table 1.3, with their success further driving a wider array of AMPs to be used
and applied to surfaces for the goal of application. Using the non-ribosomal synthesised peptide ,
vancomycin, Zhang et al. [234] showed that the coating was able to inhibit S. aureus bacterial growth

[234].
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Figure 1.4  General summary of proposed modes of action and cellular targets of antimicrobial
peptides. Adapted from [233].

Material studies looking at latex gloves and glass slides were performed by Jeong et al. [235] in which
the AMP SHAP1 was immobilised onto the latex gloves and glass slide with the activity assessment
towards E. coli and S. aureus having killed > 96% of the cells when in contact with the surface of the
tested materials [235]. Studies using wool fibres immobilised with cecropin-B from the giant silk
moth and a synthetic analogue [Ala’]-triTrp’ were found to be extremely stable when exposed to
harsh heating and wash cycles and were found to have maintained activity towards

S. aureus and Klebsiella pneumoniae [236].
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Table 1.3 Various antimicrobial peptides used in the successful creation of active
materials/surfaces assessed towards different microbial targets
Al‘ltlmlC.I‘Oblal Material/ Microbial Target Mode of action Reference
peptide Surface
E. coli e
Cellular inhibition
*
KLR Polystyrene and (100% inhibition) 237
S. aureus
. High density . . Inhibition of adhesion
Nisin-z polyethylene* S. epidermidis and cellular inhibition 238
. E. coli
- - k
SHAP1-GS Slide glass and >99% cellular inhibition 235
Cys Latex glove™
S. aureus
E. coli
GL13K Collagen* and Surface contact inhibition 239
S. epidermidis
. Reduced biofilm
i " . .
B-peptide Polyethylene Candida albicans adhesion and growth 240
. .. Cellular adhesion and
% .
Caspofungin Titanium C. albicans proliferation inhibition 241
S. aureus
LL-37 Cotton* and Cellular membrane lysis 242
K. pneumoniae
E. coli
Magainin I Stainless steel* and Cellular membrane lysis 243
S. aureus
Various L. monocytogenes
Tyrocidines materials and and Cellular membrane lysis 244,245
surfaces” Micrococcus luteus

*Covalent attachment between material and peptide, #-Adsorption of peptide to material

A specific AMP group of great interest are the tyrocidines and analogues (Trcs) (Table 1.4),
specifically because they have been previously shown to stick to surfaces with a Trc-cellulose based
material having maintained activity after being exposed to a wide array of harsh conditions [244,245].
These peptides are therefore the focus of this study specifically in developing highly active
formulations for surface applications (reported in this study in Chapter 3- 5) and will be discussed in

more detail below.

1.6 The tyrocidines and analogues

The challenges posed by AMR bacteria has shifted the focus from using antibiotics to alternative,
effective and low-resistance development profiled compounds, from which AMPs are a very suitable
and undervalued option. The Trcs and their analogues, a group of cationic cyclic B-sheet decapeptides,

are isolated from the soil bacterium Brevibacillus parabrevis from the tyrothricin complex [246,247].
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Although shown to be very haemolytic [248] thereby limiting application to only topical [249,250]
and oral applications [251], the Trcs were the first antibiotic to be used in the medical industry [249].
The tyrothricin complex is comprised of two peptide groups namely the linear gramicidins and the
cationic cyclic B-decapeptides the tyrocidines (Trcs) [252]. Although the Trcs are limited in
application, the Trcs have been shown to exhibit a broad range of activity towards an array of
different microorganisms, such as various Gram-positive bacteria [246,247,253], the malaria parasite
Plasmodium falciparum (P. falciparum) [254], pathogenic yeast C. albicans [255] and various
filamentous fungi [256,257]. Furthermore, studies performed by Van Rensburg and Rautenbach [245]
found that the Trcs readily associate and bind to various material types, with main selectivity towards
cellulose making them of specific interest for surface related applications. Additionally, it was
recently shown by Kumar er al. [258] that changes to the solvent concentrations influence the Trcs
polymorphic surface morphologies which in turn influenced the activity of the peptide towards it
target. Therefore, as limited understanding into the role of various solvents and additives on the Trcs
was present, the focus of this research is investigating how the Trcs and Trc analogues can be

manipulated for optimal antimicrobial surface application.

1.6.1 Tyrocidines structural characteristics

The Trcs and Trc analogues from the tyrothricin complex are comprised of 28 different analogues as
described by Tang et al. [259], with the primary amino acid sequence being highly conserved. The
Trcs and Trc analogues are comprised of a highly conserved amino acid sequence, (cyclo-[f!-P>-X>-
x*-N°-Q8-X"-V8-X°-L1%]), with variation at position three, four, and nine giving rise to different
analogues (Figure 1.5). The tyrocidine mixture used in this study is comprised of six major analogues
namely TrcA, TrcAi, TrcB, TrcBi, TrcC and TrcC; with variability of the dipeptide amino acid
moiety position three and four (Phe®* or Trp**) giving rise to the different analogues A, B and C
whereas variation of position nine (Orn’ or Lys®) giving rise to the A1, B and C; analogues [260].
Furthermore, substituting the amino acid at position seven defines the Trc analogue produced in
which Tyr’ gives rise to the tyrocidines, Phe’ the phenycidines and Trp’ the tryptocidines (refer to

Chapter 2 Table 2.1 for details on the Trc and analogues).

1-23



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

Phe3/
Trp3
Pro? P
D- Phe1
Phe“/
D Trp
Leu10
(o]
HoN s
Orr; / )—% In‘s
Lys H:N
Tyr?/
Trp’/
Phe’

Figure 1.5  The primary structure of the tyrocidine A (left) showing the variable amino acid
residues given by their three letter abbreviations with Phe® D-Phe* designating tyrocidine B, Trp® D-
Trp* denoting tyrocidine C and substitution of Orn’ to Lys’ giving rise to the tyrocidine A, tyrocidine
B and tyrocidine C; analogues. Amino acid substitution of Tyr’ with Trp’ and Phe’ produces the
tryptocidines and phenycidines, respectively. The low energy 3-D model structure of tyrocidine A
(right) of Munyuki et al. [261] represents the secondary structures of two antiparallel B-sheets
connected via type I and type II B-turns, with the intramolecular hydrogen bonds between the peptide
backbone amides and the orientation of the aromatic residues also represented. Figure reproduced
with permission from M. Rautenbach (unpublished data).

Structural studies performed on the Trcs have shown that the Trcs when in an aqueous solution
develops into a two-stranded antiparallel B-sheet connected by tight turns at either end, type I (slightly
distorted turn) and type II' [261,262]. The antiparallel B-sheets are formed between Trp>-Asn’® and
Val®-Leu'® with the Type I turn being between GIn®-Tyr’ and the Type II' being between Phe'-Pro?
[261,262]. Peptide stabilisation of the two strains are connected by three intramolecular hydrogen
bonds between the amide and carbonyl groups (Phe’-Leu'®, Asn>-Val® and Leu'’-Phe® amide to
carbonyl respectively) [262]. A fourth hydrogen bond is present between Val® and the side chain of
Asn’, whereas the strand-to-strand stabilisation within the monomer is driven by hydrophobic
interactions between the Phe?, Val® and Leu'® [262]. Studies related to the polarity and structure
formation of the Trcs have shown that when the Trcs are in their monomeric state the peptides
amphipathicity is minimal due to there being no separation of the hydrophobic and hydrophilic amino
acid residues [261]. Trcs dimer studies the formation of backbone-backbone hydrogens bonds
between two Trc monomers by either sideways hydrogen bond interaction or via aromatic stacking

[261,262]. The formed dimer is highly amphipathic in which the concave face of the dimer is polar
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in character whereas the convex or opposite face adopts a strong apolar nature [262]. As the dimer
conformation is assumed to be the active moiety state of the peptide, the amphipathic dimer structure
suggests membrane association and disruption with the hydrophobic face inserting into the membrane
whereas the polar concave facer would orientate towards the polar outer environment [262]. This
would be brought about as the cationic amino acid residues would be interactive with the negatively
charged bacterial membrane leading to the D-Trp4/Phe* anchoring the dimer [262]. This would result
in the hydrophobic effect driving the hydrophobic cluster to be pushed into the membrane leading to

pore formation [262].

1.6.2 Tyrocidine antimicrobial activity

The Trcs have been shown in multiple studies to have broad spectrum activity to a wide range of
microbial targets such as the Gram-positive bacteria L. monocytogenes [253], S. aureus [263] and
M. luteus [253]. It also exhibits activity against various fungal species namely filamentous plant fungi
such as Fusarium solani, Botrytis cinerea, Neurospora crassa and Aspergillus fumigatus [256,258].
Furthermore, the Trcs possess anti-malaria activity as shown by Rautenbach et al. [254]
demonstrating anti-malaria activity of by the Trcs on the human malaria pathogen P. falciparum by
disruption of the parasitic cell-cycle development. The Trcs have been observed to be active against
the pathogenic yeast C. albicans against the planktonic and biofilm cells, with TpcC showing the
least activity of all the analogues assessed, as well as displaying biofilm eradiation for TrcA, TrcB

and TrcC [255].

Mode of action studies performed on the Trcs have shown they are able to illicit both membrane
related activity as well as non-lytic alternative modes of action [260]. Trc interaction has been shown
to be related to interaction between the peptide and lipid in the cellular membrane [264] leading to
cellular death due to the disruption imposed on the membrane [244]. Membrane association and
orientation has been proposed by Loll et al. [262] in which the convex hydrophobic face of the Trcs
dimer would be inserted into the cellular peptidoglycan bilayer whereas the polar concave face would
orientate outwards, which is potentially indicative of a barrel-stave or toroidal-pore mode of action
[262]. Furthermore, multiple alternative modes of action have been suggested to be performed by the
Tres ranging from binding to DNA leading to transcriptional inhibition in Br. parabrevis [265,266],
cell cycle regulation [267] as well as inactivation of the glucose metabolism as a secondary process
[246]. Non-lytic modes of action have been shown to be further enhanced or improved in the presence
of metal ions specifically as shown by Spathelf [260] and Leussa [268] in which Ca?* induced a non-

lytic mode of action of the Trcs assessed toward L. monocytogenes.

1-25



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

The utilisation of Trcs as the active ingredient in the development of surface sterilisation applications
hold significant promise. As has been shown, the Trcs readily associate with surfaces and that changes
to their activity can be influenced by their solvent environment [258]. However, as they readily
oligomerise leading to a potential loss of activity [258,261,262], screening for optimised Trc
formulations is paramount due to the great promise and potential the Trcs hold, since it fulfils all six
of the earlier mentioned requirements of an active antimicrobial coating/surface. Therefore, this study
focussed on further optimising the Trcs in formulations, as the active compounds, specifically for
surface sterilisation by maintaining or improving the antimicrobial activity while limiting peptide
oligomerisation. This was achieved by using six different solvent systems namely, acetonitrile
(ACN), ethanol (EtOH), iso-propanol (IPA), propylene-glycol (PG), tertiary-butanol (TBA) and
methanol (MeOH) alone or in formulation with three different additives being glycerol (Glr), zinc

chloride (ZnCl») and calcium chloride (CaCl») at specific concentrations.
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Chapter 2

Bacterial production, isolation, and characterisation of
cyclodecapeptides from tyrothricin

2.1 Introduction

The continual rise in antimicrobial resistance towards current conventional antimicrobial compounds
is becoming ever more prevalent. This is due to the extensive utilisation of antimicrobial compounds,
such as antibiotics, promoting a selective pressure towards the targets leading to resistance
development [1]. Furthermore, the ability of various microbial pathogens to adhere to and colonise
various surface types results in both surface contamination and spread, but also poses increased
difficulty in the removal of the microbial target. The downstream effect is a negative impact towards
both the agricultural and medical sectors, respectively [2]. Therefore, a dire need to alleviate the
arising issue is the development of novel antimicrobial compounds in formulations that can prevent
the initial adhesion and surface colonisation of these pathogens to surfaces. A select group of
promising compounds are antimicrobial peptides (AMPs). AMPs are positively charged, amphipathic
peptides (6-50 residues) which display variation in their length, amino acid composition and
exhibition of broad-spectrum activity [3]. AMPs elicit various modes of activity by either directly
interacting with the membrane of the target cell, resulting in pore formation or membrane disruption,
or non-membrane processes and targets such as cellular respiration and proteins [3]. Due to the
multiple modes of action of AMPs, there is a very limited potential of resistance development by
target cells, thus promoting AMPs as a viable candidate for surface formulation development for

antimicrobial activity [4].

The group of AMPs selected for this study, the tyrocidines (Trcs) and analogues, are
cyclodecapeptides (CDPs) produced by the soil bacterium Brevibacillus parabrevis (Br. parabrevis)
within the tyrothricin complex [5]. This complex consists of two parts, the cationic cyclic decapeptide
tyrocidines and neutral linear pentapeptides, gramicidins (Grms). The tyrocidines exhibit a highly
conserved primary structure with amino acid variability at residue position three and four, residue
seven and residue nine [6-7]. Variation in analogue synthesis, A, B or C occurs by substitution at
residue position three and four with tryptophan (Trp) or phenylalanine (Phe). Furthermore,
substitution at residue position seven with tyrosine (Tyr), or Trp or Phe results in the synthesis of the

tyrocidines (Trcs), tryptocidines (Tpcs) or phenycidines (Phcs), respectively (Table 2.1) [6-7].
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Summary of identified Trcs and analogues within the tyrothricin extract profile from

. . . .. i Monoisotopic m/:
Peptide Identity = Abbreviations Sequence * Th.eoretl.c al a onoisotopic m/z
monoisotopic M, [M+HT [M+2HP*
Phenycidines
Phenycidine A PhcA, FA Cyclo- 1253.6597 1246675  627.8377
’ (fPFENQFVOL) ’ ’ ’
- Cyclo-
Phenycidine A, PhcAi, FA, (fPFINQFVKL) 1267.6753 12686832 634.8455
Tyrocidines
Tyrocidine A TreA, YA Cyclo- 1269.6546 12706624 635.351
yrocidine ICA, (fPFfNQYVOL) . { .
Iy Cyclo-
Tyrocidine A TrcAi, YA (fPFENQYVKL) 1283.6703 12846781 642.8430
- Cyclo-
Tyrocidine B TrcB, YB (fPWENQYVOL) 1308.6655 13096733 655.3406
... s s s Cyclo-
Tyrocidine B TrcB’, YB (fPFWNQYVOL) 1308.6655 13096733 655.3406
.y Cyclo-
Tyrocidine B4 TrcB1, YBI1 (fPWENQYVKL) 1322.6812 13236890 662.3484
.. s s s Cyclo-
Tyrocidine B, TreBr’, YB: (fPFWNQYVKL) 1322.6812 13236890 662.3484
- Cyclo-
Tyrocidine C TreC, YC (PWwWNQYVOL) 1347.6764 13486842 674.8460
e Cyclo-
Tyrocidine C; TrcCy, YCi (FPWWNQYVKL) 1361.6921 13626999 681.8539
Tryptocidines
Tryptocidine A TpcA, WA Cyclo- 1292.6706 12936784 647.3431
’ (fPFENQWVOL) : ) :
- Cyclo-
Tryptocidine A; TpcAi, WA, (fPFINQWVKL) 1306.6862 130761 654.3509
L Cyclo-
Tryptocidine B TpcB, WB (FPWENQWVOL) 1331.6815 13326893 666.8486
.y Cyclo-
Tryptocidine B TpcB1, WB1 (FPWENQWVKL) 1345.6971 1346.7050 673.8564
o Cyclo-
Tryptocidine C TpcC, WC (PWWNQWVOL) 1370.6924 1371.7002 686.3540
- Cyclo-
Tryptocidine C; TpcCi, WCy ((PWWNOQWVKL) 1384.7080 13857159 696.3618
Gramicidines
C FormyH(V)GAIAvVvVW-
i k
Val-Gramicidin A VGA IWIWIW 1881.0783 1882.0862  941.5470
. FormyHI)GAIAVVvVW-
- *
lle-Gramicidin A 1GA WIWIW 1895.094 1896.1018  948.5548
C FomyH(V)GAIAVVvVW-
i k
Val-Gramicidin B VGB AWIW 1842.0674 1843.0753  922.0415
s FormyHD)GAIAVVvVW-
lle-Gramicidin B 1GB FWIW 1856.0831 1857.0000  929.0494
C FomyH(V)GAIAvVvVW-
Val-Gramicidin C VGe IYIWIW 1858.0624 1859.0702  930.0390
s FormyHD)GAIAVVvVW-
lle-Gramicidin C 1GC IYIWIW 1872.078 1873.0858  937.0468

#Standard conventional one letter amino acid abbreviations used in peptide sequence except O representing Ornithine as described by

Tang et. al. [6]. Lower case letter represents D-amino acids and upper-case representing L-amino acids.

2 Theoretical monoisotopic molar mass determined using the sum of monoisotopic Mr values of amino acid residues in the peptide

sequence

* Low detected levels in tyrocidine mixture
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The purification, isolation, and identification of single tyrocidines and analogues is a difficult and
tedious task [6]. Additionally, variation between different Br. parabrevis producer strains cause
differences in the produced analogue profiles, thus adding an additional layer of difficulty when
seeking the production of specific analogues. Following a developed and optimised large scale-
production methodology developed by our group (BIOPEP™ Peptide Group) [8], prior screening of
the producer colonies using high-resolution electrospray mass spectrometry (HR-ESMS) ensures the
producer selected can produce the analogues of interest. This ensures the quality control of the

producer strain and identification of any potential producer mutation which may shift the desired

profile for the targeted tyrocidines and analogues of that production.

The use of mass spectrometry is a powerful analytical analysis tool that allows for the identification,
elemental composition and the overall purity and abundance of the sample via the molecular mass.
Two techniques which are used in conjunction with this study are HR-ESMS and ultra-performance
liquid chromatography (UPLC). The use of HR-ESMS allows for the identification of molecular mass
via the generation of multiple charged species from the sample due to the high sensitivity and
accuracy [9]. However, the limitations of HR-ESMS are the inability to distinguish between charged
species with the same mass and charge, as these species will not be able to be distinguished from one
another. Linking UPLC with HR-ESMS (UPLC-MS) resolves this analysis problem. UPLC-MS is a
powerful technique that allows for the separation of all species at a high resolution within a complex
sample and the subsequent identification of the species and species abundance present within the

sample with high accuracy.

The focus of this study is to characterise the variability in selected tyrocidine Br. parabrevis producer
strains followed by the production and purification of crude peptide extracts from the selected
producer strains namely: Br. parabrevis DSMZ 5618, ATCC 8185 and ATCC 10068. Profile
variability and analogue identification analysis were performed using HR-ESMS followed by
isolation and characterisation of tyrocidine analogues of crude and commercial extracts. Successful
peptide extraction was performed and analysed via UPLC linked to HR-ESMS, to determine the
identity and abundance of the Trc and Trc analogues compared to the total amount of cyclic peptide

present within the crude and commercial extracts.

2.2 Materials

Br. parabrevis producer strains DSMZ 5618, ATCC 8185 and ATCC 10068 were obtained from
BIOPEP™ culture collection at Stellenbosch University (Cape Town, South Africa). Tyrothricin

extract (extract from Br. Parabrevis formerly known as Bacillus aneurinolyticus and B. brevis) was
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obtained from Sigma-Aldrich (St. Louis, MA, USA). Agar, D-glucose, sodium chloride (NaCl),
tryptone, calcium chloride (CaCl,), sodium chloride (NaCl), monopotassium phosphate (KH>POs),
ferric sulphate (FeSQO4), manganese sulphate (MnSOs), magnesium sulphate (MgSQOs), diethyl-ether,
acetone, and ethanol (EtOH, > 99.8%) were supplied by Merck (Darmstadt, Germany). Acetonitrile
(ACN, HPLC-grade, far UV cut-off) was purchased from Romil Ltd (Cambridge, United Kingdom).
Analytical grade water (MQH20) was obtained using a reverse osmosis purification plant, through a
Millipore-Q® water purification system (Milford, USA). The 96-well cell culture plates were
supplied by Thermo-Fisher Scientific (Waltham, MA, USA). Petri dishes were supplied by Lasec
(Cape Town, South Africa) and sterile Falcon® tubes by Becton Dickson Labware (Lincoln Park,
USA).

2.3 Methods

2.3.1 Tyrocidine and analogues production

Producer strains (Br. parabrevis DSMZ 5618, ATCC 8185 and ATCC 10068), selected strains from
BIOPEP culture collection, were streaked out onto tryptone-soy agar (TSA) plates (30 g/L TS broth
(TSB) and 1.5% agar) using standard sterile techniques and incubated for 7 days at 37 °C. Selected
colonies were picked up and extracted directly with 50% ACN overnight. ACN extracts were

collected via centrifugation and analysed via HR-ESMS, as described in 2.3.3.

The producer strain with low gramicidin A production (Br. parabrevis ATCC 10068_lowVGA),
selected following strain production characterization, was streaked out on TSA plates (30 g/L and
1.5% agar) using standard sterile techniques and incubated for 24 hours at 37 °C. Subsequently,
overnight cultures were prepared by inoculating 20 mL TSB media with fast-growing colonies from
pre-culture agar plates and incubated for 24 hours at 37 °C on a shaker set at 150 rpm. Peptide
production by Br. parabrevis proceeded for 10 days with incubation at 37 °C as described by Vosloo
etal. [1].

2.3.2 Extraction of tyrocidines and analogues

The extraction methodology was developed by the BIOPEP™ Peptide Group (Stellenbosch
University, South Africa) [8] and is currently protected under a non-disclosure agreement. In brief,
the Br. parabrevis production culture was exposed to acidification followed by centrifugation at
10 621 xg for 10 minutes to obtain the wet biomass. The wet biomass was exposed to various
extraction and precipitation steps allowing for crude peptide extracts to be obtained. The linear
gramicidins were removed following 12 washes with diethyl ether: acetone (1:1; v/v) with

centrifugation between each wash (3030 xg for 5 minutes). Crude peptide extracts were dried under
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nitrogen (N») gas flow followed by resuspension in 50% ACN in water (v/v). Commercial peptide
was treated with diethyl-ether: acetone (1:1; v/v) and centrifuged between each wash (3030 xg for 5
minutes) to remove linear gramicidins resulting in a purified tyrocidine mixture (Trc mix).
Resuspended crude peptide and Trc mix were transferred to clean, pyrolyzed analytically weighed
vials and subjected to lyophilization before weighing on a six-digit analytical scale (Mettler Toledo,
Columbus, USA).

2.3.3 HR-ESMS and UPLC-MS characterisation of CDP extracts from tyrothricin

All peptide samples were resuspended in 50 % ACN in water (v/v) to a final concentration of 0.100
mg/mL and centrifuged in a 200 UL glass insert (contained in an Eppendorf tube) at 3030 xg for 10
minutes allowing for the removal of any particulates. Peptide identity was confirmed using HR-ESMS
while peptide extract contributions were calculated using UPLC-MS obtained data. Injection volumes
of 2 uL for HR-ESMS analysis while 3 uL for UPLC-MS were injected into the UPLC-MS system.
The system consisted of a Water Acquity UPLC® and a Waters Synapt G2 quadrupole time-of-flight
(TOF) mass spectrometer and an acuity UPLC LG 500 nm photo-diode array detector. Samples for
UPLC-MS analysis were injected into a Waters Acquity UPLC® HSS T3 column (2.1 x 150 mm, 1.8
um particle size), set at a minimum column temperature of 50 °C and maximum temperature of 60.7
°C at a flow rate of 0.3 mL/min. Elution of the peptide was achieved using a linear solvent gradient
program (Table 2.2) with solvent A and B consisting of 1% formic acid (1% v/v) in water and 100%
acetonitrile.

Table 2.2 The linear gradient program used during UPLC-MS analysis of the crude peptide
extracts and the respective purified tyrocidines and analogues.

Minutes Y% EluantA % Eluant B Curve*

0.00 0 0 6
0.50 100 0 6
1.00 70 30 6
10.0 40 60 6
15.0 20 80 6
15.1 0 0 6
18.0 100 0 6

*Curve 6 depicts linear gradient (Waters™)

Instrument parameters were set at: cone and capillary voltage set at 15 V and 2.5 kV respectively,
and ionization source temperature set at 120 ° C. Nitrogen was used as the desolvation gas set at a
flow of 650 L/hour at 275°C. Data was collected via continuum scanning in positive mode over an
m/z range of 300-2000. Analysis of all sample characterisation was done using Waters MassLynx™

software V4.1.
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To determine peptide identity and integrity, the determined m/z values and monoisotopic Mr of each
peptide was assessed using part per million (ppm) mass error. The following equation for ppm

calculation was utilised:

M, (theoretical) — M, (experimental)
M, (theoretical)

ppm = 0°

2.4 Results and discussion

2.4.1 Analysis of tyrothricin CDP profiles from selected Br. parabrevis producers

Variability of the tyrothricin profiles between and within different producer strains and colonies of
the same strain have been reported throughout literature [8,10]. Factors such as supplementation,
culture conditions and culture media are known to have an influence on the overall tyrothricin profile
[6]. The tyrothricin complex, by the soil bacterium Br. parabrevis, consists of cationic CDPs (Trcs),

and neutral linear peptides, Grms [6-7] (Table 2.1).

Successful culture extraction and direct injection HR-ESMS analysis allowed the fast assessment of
various cultures and strains. This eased the selection of high CDPs producing cultures with low Grms.
Example ion and mass spectra of such an extract is given in Figure 2.1. The tendency of Trcs to
display variation in their oligomerisation profile with the production of monomers, dimers, and
trimers (Figure 2.1A), results in purification and identification becoming more tedious and time-
consuming. Furthermore, certain Trcs have identical molecular masses, making it difficult to
distinguish between the different analogues when using UPLC-MS and HR-ESMS, such as YB/B’,
YB1/YB1’ which will be identified together for the remainder of the chapter. Furthermore, the ability
of the Trcs to form homo- and hetero-dimers results in identical molecular masses thereby making
the presence of these analogues, TrcA-TrcC, TrcB-TrcB indistinguishable from one another without
the use of more advanced mass spectroscopic methods and analysis. Figure 2.1A and B indicate the

presence of the expected monomeric Trcs and linear Grm analogues (described in Table 2.1).
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Figure 2.1 HR-ESMS analysis of the crude unsupplemented production extract by Br.
parabrevis species. A. The extracted producer spectrum showing the HR-ESMS MaxEnt 3®
analysis over a mass range of 1000 — 4500 showing the monomers, dimers, and trimers species.
B. Deconvoluted enlarged HR-ESMS of tyrocidines monomeric analogues within the
unsupplemented extract. C. Transformed enlarged HR-ESMS of linear gramicidins present within
production extract.

The peptide extracts from the different strains were extracted and analysed to determine and compare
variability in the synthesis of major CDPs, namely tyrocidine A (TrcA), tyrocidine B (TrcB) and
tyrocidine C (TrcC), as well as linear Grms (VGA) production. These differences were observed
using HR-ESMS and the production profile variation was compared between the three selected
producer strains, ATCC 10068 (Figure 2.2), DSMZ 5618 (Figure 2.3) and ATCC 8185 (Figure 2.4),

as well as minor variability in most cultures from the selected strain.
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From the mass spectra of strain ATCC 10068 culture extracts (Figure 2.2) there is some variability
in the peptide analogue ion signal and therefore amount produced, as well as variability in the
production of specific analogues. The spectra in Figure 2.2 A and C both show the presence of the
TrcC analogue, even though it is at low amounts, while those in Figure 2.2 B, D and E do not show
TrcC or it is in present in undetectable amounts. Furthermore, a high Grm content, specifically VGA,
is observed in some of the spectra (Figures 2.2 D and E) and could potentially contribute >50% of
the peptide material. This is due to the Grms having a much lower ionization response compared to
that of the Trcs, with this previously being elucidated by the BIOPEP™ Peptide Group. Interestingly,
the culture extract in Figure 2.2 F exhibited a dominant Grm production of about 100% and very low
levels of Trcs.

A TrcB B TicA
1308 6519 T 1269 6429

) Tr;:;]_ﬁ
TreA 1208 8515
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TrcC 1
12476702 L
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Figure 2.2  Examples of the deconvoluted mass spectra extracts from colonies of Br. parabrevis
ATCC 10068 cultures analysed using HR-ESMS, with A-F representing the culture extract from the
same subculture and freezer stock. Cyclodecapeptides signals are highlighted in green and linear
gramicidins signals are highlighted in grey.
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Observations of Grms: The TrcC signal ratio between the different culture extracts of strain ATCC
10068 indicated that extracts without the Trp-rich TrcC or with very low amounts of TrcC have a
lower amount of Grm production when compared to extracts with a low amount of TrcC. This could
correlate to a decreased availability of Trp from Trp anabolism for the tyrocidine synthetase complex
to incorporate in this Trp-rich peptide, as well for the biosynthesis of Grms that also are Trp-rich. The
highest cyclodecapeptide signals for extracts from Br. parabrevis ATCC 10068 fluctuate between
TrcA and TrcB, indicating the ability of this specific strain being able to produce higher amounts of
these two specific analogues, containing only Phe or Phe and one Trp in the aromatic dimer moiety.
The malleability of CDP production over time and with aromatic amino acid supplementation was

reported in detail by Vosloo et al. [12].

Br. parabrevis DSMZ 5618, which is supposedly analogous to strain ATCC 10068 [13], shows a
distinct difference in appreciable amounts of the Trp-rich TrcC analogue produced in comparison to
the other two producer strains, ATCC 10068 and ATCC 8185 (Figure 2.3). In the spectra in Figure
2.3 A, B and C there are approximately equal signals observed for TrcA and TrcC, with the dominant
analogue being TrcB. This observation correlates with findings by Bas Vogt. ef al. [13] in which the
major m/z values of Trcs obtained from DSM-5618 were 1309 (TrcB). However, the production of
equal amounts of TrcA and TrcC was not observed by this group. This can be indicative of mutation
shifting in the production for equal amounts of TrcA and TrcC [13]. Furthermore, the amount of
linear Grms in these extracts is much greater than the cyclodecapeptides when the weaker ionization
signal is considered. Similarly, to the trend observed for peptide extracts from cultures of strain ATCC
10068, a higher amount of TrcC is produced (Figure 2.3 D) correlating with a higher production of
linear Grms. This could indicate that this strain has an alternative source of Trp, other than the media
Trp, eliminating the competition between the tyrocidine synthetase complex and the gramicidin
synthetase complex. Although this strain shows consistent high tyrothricin production, the amount of
Grms produced would compromise the extraction yield and purification of the CDPs. Previous studies
by the Rautenbach group at Stellenbosch University showed large CDP loss with repeated extractions
to remove Grms, as well as reverse phase columns containing matrices such as Cig being coated with

Grms [personal communication, C. de Villiers and M. Rautenbach].
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Figure 2.3  Examples of the deconvoluted mass spectra extracts from colonies of Br. parabrevis
DSMZ 5618 cultures analysed using HR-ESMS, with A-D representing the culture extract from the
same subculture and freezer stock. Cyclodecapeptides signals are highlighted in green and linear
gramicidins signals are highlighted in grey.

The tyrothricin extract of strain ATCC 8185 of the CDPs, specifically, TrcA and TrcB shown in
Figure 2.4 exhibits a similar trend as strain ATCC 10068 (refer to Figure 2.2). However, the amount
of linear Grms observed are considerately lower than those observed in the ATCC 10068 and DSMZ
5618 culture extracts (compare Figure 2.4 with 2.2 and 2.3). Furthermore, the TrcA (1269.6) analogue
appears to be produced at a higher amount when comparing strain production to ATCC 10068 and
DSMZ 5618. TrcA contains two Phe residues at variable position 3 and 4 whereas TrcB has a Trp at
position 3 and Phe at position 4 and TrcC has Trp at position 3 and 4 (Table 2.1). Due to the low
amount of linear Grms seen in Figure 2.4 and the requirement of Trp for the synthesis, it possibly
indicates that this producer favours a higher amount of Phe to be taken up by the cell, increasing the
competition by the tyrocidine synthetase complex and the gramicidin synthetase complex for Trp. In
this competition, Trc synthesis is favoured by decreasing linear Grms production (as seen in Figure
2.4) and although the amount of TrcB fluctuates, it is more abundant. Furthermore, as the amount of
TrcC is considerably less compared to ATCC 10068 and DSMZ 5618 (Figure 2.2 and 2.3), it confirms
the potential favoured uptake of Phe in the peptide structure thus ensuring there is limited availability
of Trp in the cell to feed both TrcB, TrcC and linear Grms production. This may be attributed to an
increased demand by the producer that will result in triggering the de novo synthesis, via the shikimate
pathway for either Phe or Trp, at the start of fermentation based on the amino acid availability
presented in the media, or if limited, synthesis of the required amino acid will occur [12]. As observed
for ATCC 10068 and ATCC 8185, the CDP contribution is shifted to more Phe-containing analogues
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thereby also decreasing linear Grms synthesis due to the demand for Phe being higher, initiating de
novo synthesis via the shikimate pathway of Trp to Phe conversion. Furthermore, the reverse is
observed for DSMZ 5618, whereby the Trcs analogue contribution is shifted to having more TrcB
and TrcC analogues, furthermore, increasing linear Grm production as the overall cellular availability

of Trp has increased.

The profile differences between the different producer strains and within the strains are evident and
have an overall role on the selection of the producer to be used for crude peptide production due to
analogue variability along with differences in linear Grm production, in particular Val-gramicidin A
(VGA) (Table 2.3). Obtained results for the calculated linear Grm amounts of ATCC 10068 are
similar to findings by Vosloo et al. [8, 12] and Spathelf [14] who determined an amount of 30-40%

Grms in tyrothricin extracts.
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Figure 2.4  Examples of the deconvoluted mass spectra extracts from colonies of Br. parabrevis
ATCC 8185 cultures analysed using HR-ESMS, with A-D representing the culture extract from the
same subculture and freezer stock. Cyclodecapeptides signals are highlighted in green and linear
gramicidins signals are highlighted in grey.

When there is a lower amount of TrcC produced, a decrease in the linear Grm signal is observed,
whereas a high amount of TrcC production results in a higher linear Grm signal. This can potentially
be attributed to the role of the de novo synthesis via the shikimate pathway, resulting in the modulation
for more Phe residues to be taken up and introduced into the cell resulting in a decreased availability
of Trp residues. The effect is less TrcC production observed in the ATCC 10068 strain which
correlates with the obtained peptide signals by Vosloo et al. [12] in which the contribution of L-Trp?

D-Trp*, resulting in the production of TrcC, remains between the range of 10%-20% and only shows
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a large contribution after 192 hours. This can potentially be attributed to variance in the secondary
metabolite synthesis and/or a bacterial-controlled modulation of the non-ribosomal peptide
synthetases (NRPS) system, the control of the transportation of Trp from the culture environment or
lastly, control of the Trp synthesis via the shikimate pathway [15]. Therefore, the variances observed
between producer strains for the CDP analogues as well as the synthesis of the Grms are related to
the control of Phe/Trp availability which potentially impacts which analogue is being produced.

Table 2.3 Production profile summary of selected Br. parabrevis tyrocidine producer strains

selected from BIOPEP culture library. Values for each peptide are their approximate % mole
contribution and indicated as red/blue heatmap to highlight differences.

StIrIa;in Lgsel TrcA TrcB TreC TrcAq TrcB:

s | Fswr | 221 25.6 7.4 5.5 5.7

‘gg FS WR 20. 15.9 5.1 7.0 5.5 23.1
Aiss | Fsav | 169 14.1 8.9 7.0 6.2 27.9
Aiss | FsAv | 241 14.8 37 3.9 3.6

‘Aiggé# FSAV | 171 29.6 10.3 2.9

?OT(%: FSAV | 202 18.9 - 3.4 34.8
?oTo(ég FS SB 15.9 25.8 48 GE 26.0
‘?OT(%E FSAV | 13.0 15.4 9.7 5.9 6.8 29.8
ATCC

tooes | FSAV 18.6 7.5 7.5

e | s

Dssgéz FS AV

]35561;’? FS SB

Dssg\lgz FS SB

1?5561\1/;2 FS AV

FS - freezer stock, #low VGA producers used for production, *unusual tyrothricin profile, percent abundance was
determined by calculating extracted peak intensity of each peptide as a percentage of the sum of the peak intensity of all
peptides observed in extract, with each response factor of all peptides assumed to have similar response factors due to
similarities in analogue structure. Analysis was performed utilising Waters MassLynx® 4.1 Software (Waters
Corporation, Massachusetts, USA)

Due to linear Grm requiring a Trp residue at variable position 11, as seen in Table 2.1, when TrcC is
being produced it is observed that a higher amount of linear Grms is biosynthesised, which may be

attributed to the excess availability of Trp within the cell. Conversely, when there is a low amount of
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Trp is present due to one of the three above-mentioned reasons by bacterial control, a lower amount
of TrcC and linear Grms are produced, as observed by the low signals seen in the ATCC 8185 spectra
(refer to Figure 2.3). Therefore, the synthesis of specific Trcs and Grms is influenced by the
availability of the Trp amino acid for the cell and the specific producer being used. Trp limitation in
the media may result in the producer being required to initiate de novo synthesis allowing for more
Trp to be present, however, this may result in Grm synthesis by the gramicidin synthetase enzyme
complex due to the increase in Trp availability [12]. If no Trp limitation is present, but the demand
for Phe is increased, the bacterial producer may utilise de novo synthesis for Phe production, thereby
limiting the amount of Trp available to be utilised by the gramicidin enzyme synthetase, resulting in

a decreased amount of linear Grms synthesised [12, 16].

2.4.2 Characterisation of CDP extract from commercial tyrothricin

To determine Trc analogue abundance within the commercial Trc mixture, crude fractionation was
performed with modifications, as described by Hotchkiss and Dubos [5], in which the commercial
mixture was exposed to a 1:1 (v/v) of DEE:acetone resulting in the formation of an insoluble fraction
that contained the Trcs, and a soluble fraction containing Grms. Continual wash exposure ensures the
linear Grms go into solution leaving behind only the desired Trcs. This method manipulates the Trcs
and Grms hydrophobicity properties thereby allowing for separation of the more hydrophobic Grms.
It is assumed, however, that both the linear Grms and some of the more hydrophobic Trcs may be
removed in the DEE:acetone wash step. The extracted Trc complex was subjected to UPLC-MS
analysis revealing relatively pure Trcs and analogue extract. Furthermore, separation of the CDP
analogues revealed different analogues from which their abundance contribution was determined

(Figure 2.5).

Successful purification of the commercial tyrothricin extract resulted in the separation of the linear
Grms and the Trcs. Analysis of the pure Trc extract using UPLC-MS (Figure 2.5) confirmed that all
six major tyrocidine analogues were in the extract, namely, TrcC, TrcCi, TrcB, TrcBi, TrcA and
TrcA1. Obtained peptide abundance calculations for each Trc and Trc analogue correlate with those
previously indicated in literature [2]. The most abundant peptides obtained in the extract were TrcB
> TrcA > TrcC > TreB1 > TrcA1 > TrcCy with TpcC, and TpcA only present in trace amounts (Table
2.4). Furthermore, the elution profile of Trc analogues correlates with previously obtained results
with A analogues (TrcA/A: and TpcA) eluting last, followed by B analogues (TrcB/Bi and TpcB)
and lastly C analogues (TrcC/TrcC: and TpcC) due to the hydrophobic nature of the analogues being
exploited. The obtained percentage abundance results following extraction and identification yielded
similar results to those previously obtained by Troskie et al. [17] indicating both consistency in the

commercial production and the method used for purification.
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Table 2.4 Summary of the detected tyrocidine peaks extracted from tyrocidine commercial
peptide extract, indicating peptide identity, monoisotopic M:, UPLC-MS retention time and
percentage abundance of Trc peaks obtained in the total Trc extracted.

% Abundance
Peptide Observ-ed M, oy G R.t Trc in commercial Trosklif
(Theoretical M) (min) extract etal.

TpcA (1333247‘?)(6)) 20.56 11.72 Trace Trace
TreA (ﬁggzggg) 1750 1132 182 176
TrcA, (32322‘7‘82) 2056 11.20 11.1 132
TpcB (}giggig) 13.74 10.89 2.4 3.1
TrcB (38222;2) 10.63 10.44 24.6 21.3
TrcB, (}géggg?é) 16.67 10.35 15.0 15.7
TreC (gfg:gigi) 1604 984 18.0 143
TrcC, (ggig;;?) 10.69 9.79 9.27 10.3
TpcC dg;gg;gi) 10.43 10.29 1.4 3.5

“ % Abundance determined by calculating extracted peak area of each peptide as a percentage of the sum of the peak
areas of all peptides observed in extract, with each response factor of all peptides assumed to have similar response factors
due to similarities in analogue structure.

b Theoretical monoisotopic M; calculated from the molecular mass of all the constituent amino acids determined from
purified peptide.

¢ Retention time determined from UPLC-MS analysis

2.4.3 Characterisation of CDP extract from Br. parabrevis ATCC 10068 cultures

To assess the similarities between the crude commercial purified extract and the Trcs following a
production, Br. parabrevis ATCC 10068 (Figure 2.1 A) was selected and used as the target producer
organism. This is due to the low presence of linear Grms, which would make purification easier, and
similarities in production profile to that of the commercial tyrocidine. This ensures surface
antimicrobial activity and biophysical changes can be correlated between both extracts. The culture
extract of Br. parabrevis ATCC 10068 resulted a crude mixture containing Trcs, tryptocidines,
phenycidine and linear Grms within the tyrothricin complex, correlating with obtained results from
Figure 2.1 A. This successfully indicates that the production profile of the producer has remained
consistent and that no mutations or shifts in production had occurred. To further compare the
extracted peptide profile to that of the commercial peptide profile, UPLC-MS (Figure 2.6) analysis

was performed to determine retention times and peak identity for the peptide extract.
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Figure 2.5  Representative UPLC-MS chromatographic profile of the purified commercial
mixture of different Trcs and their analogues. The identifier profiles were generated using the doubly
charged ion of the specific peptide as identifier. The retention time for each extracted ion peak is
provided in the top total ion chromatogram and the y-axis representing the ES-MS signal. Profiles
were used to calculate the % abundance in Table 2.3. Asymmetric peak shapes are related to the
inclination of the CDPs to form higher order oligomers at higher concentrations and over time. Each
indicated peptide peak was confirmed using HR-ESMS spectra associated with each of the peaks in
the chromatogram profile (2.7.1 Supplementary information). Observed tailing peaks/shoulders for
TrcB and TrcB; are related to the minor TrcB’ and TrcB;’.
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Furthermore, a detailed HR-ESMS analysis of each peak within the CDP extract confirmed
monomeric analogues but also revealed stable higher-order oligomers (refer to 2.7 supplementary
information). To determine and compare the contribution of the various analogues present between
that of the production and commercial extracts, the signal contribution of each analogue peak was
determined and used to calculate the peak area, which provided an indication as to the abundance of
that specific analogue within the sample. It was assumed that the ion response of all the CDPs is

similar in the HR-ESMS due to their conserved structure.

Percentage abundance comparison between the commercial crude extract and our in-house production
extract (Table 2.5) revealed TrcA and TrcB to be the most abundant analogues in comparison to the
commercial extract having TrcB/B; followed by TrcA/A: then finally TrcC/C;. Furthermore, the
production of the rare PhcA is observed at 2% abundance in our production extract, whereas the
commercial extract has it at very low trace amounts. The production of PhcA is induced by the
supplementation of the media with the Phe amino acid, as the NRPS are being modulated by
concentration dependent incorporation of Phe into position 7 [12]. Furthermore, TGS media was
shown to contain 1.2 mM Trp [8, 12], however, the amount of Trp-containing analogues (TrcC) that
were produced were considerably less than those of the Phe-containing analogues (TrcA and TrcB).
This observed analogue difference of TrcA synthesis between the commercial Trc mix and Trc crude
of 28.7% indicates the favoured uptake and utilisation of Phe that is present within the TGS media.
Furthermore, the potential higher demand for Phe may result in the use of de novo synthesis via the
shikimate pathway by this specific producer due to a higher affinity by the peptide synthetases [12]
shifting the uptake for more Phe, resulting in overall lower production of TrcC in the crude extract

compared to the commercial extract.

The in-house crude extract analogue abundances correlate with those previously found by Vosloo et
al. [8]. It was shown that in unsupplemented media, the producer strain Br. parabrevis ATCC 10068,
predominantly produced the TrcA and TrcB analogues with low levels of VGA (linear Grms) [8],
correlating with our observed CDP abundances for the same producer strain. Further correlation
concerning the Br. parabrevis producer profile are by Masoudi [18] who showed the same order of
production with TrcA (45.4%), TrcB (21.6%) and TrcC (7.2%) compared to those obtained in Table
2.5 with TrcA (46.9%), TrcB (29.9%) and TrcC (6.6%). Higher amounts of TrcA and TrcB can be

related to the low amount of TrcC produced, indicating that less Trp is available for TrcC production.
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Figure 2.6  Representative UPLC-MS chromatographic profile of the purified in-house crude
extract mixture of different Trcs and their analogues. The identifier profiles were generated using the
doubly charged ion of the specific peptide as identifier. The retention time for each extracted ion peak
is provided in the top total ion chromatogram and the y-axis representing the ES-MS signal. Profiles
were used to calculate the % abundance in Table 2.4. Asymmetric peak shapes are related to the
inclination of the CDPs to form higher order oligomers at higher concentrations and over time. Each
indicated peptide peak was confirmed using HR-ESMS spectra associated with each of the peaks in
the chromatogram profile (2.7.2 Supplementary information). Observed frontal peaks for TrcB and
TrcB, are related to the minor TrcB’” and TrcB1’ .
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Interestingly, Masoudi [18] did not observe the minor analogues, namely TrcA and TrcBj, indicating
the loss of these analogues in extraction or that they were not produced. These analogues were found
in our extract at 3.6% and 4.8%, respectively. This may indicate that the producer strain used in this
study produced higher amounts of these hydrophobic analogues prior to extraction and the resulting
amount post extraction was high enough for reliable detection.

Table 2.5 Summary of the detected tyrocidine peaks extracted from crude peptide extract,

indicating peptide identity, monoisotopic M;, UPLC-MS retention time and percentage abundance of
Trc peaks obtained in the total Trc extracted.

| % Abundance ¢
Observed Mr m Rt Trc in Trc in
Peptide (Theoretical e[;-[:'or (min)’ commercial crude
Mr)* extract extract
1253,6472
PhcA (1253.6597) 9.98 11.75 - 2.0
1292,6503
TpcA (1292.6706) 15.70 11.79 Trace 2.1
1269,6343
TrcA (1269.6538) 16.00 11.37 18.2 46.9
1283.6498
TrcA, (1283.6703) 15.94 11.26 11.1 3.6
1331,6632
TpcB (1331.6815) 13.74 10.93 2.4 3.5
1308.6517
TrcB (1308.6655) 10.56 10.48 24.6 29.9
1322.6588
TrcB, (1322.6812) 1691 10.39 15.0 4.8
1347.6527
TrcC (1347.6764) 17.60 9.89 18.0 6.6
1361.6781
TrcC, (1361.6921) 10.25 9.84 9.27 Trace
1370.6803
TpcC (1370.6924) 8.83 10.31 Trace Trace

% 9 Abundance determined by calculating expressed peak area of each peptide as a percentage of the sum of the peak
areas of all peptides observed in extract, with each response factor of all peptides assumed to have similar response factors
due to similarities in analogue structure.

b Theoretical monoisotopic M; calculated from the molecular mass of all the constituent amino acids determined from
purified peptide.

¢ Retention time determined from UPLC-MS analysis

2.5 Conclusion

Due to the production of the Trcs being non-ribosomal and secondary metabolites, the influence of
various cellular factors such as metabolic pathways, membrane amino acids transporters and overall
amino acid availability have a crucial role in peptide synthesis. Tyrocidine production was observed
to show variation between producer strains ATCC 10068, ATCC 8185 and DSMZ 5618, specifically
when comparing TrcA, TrcB and TrcC production. ATCC 10068 and ATCC 8185 shared

considerable similarity towards TrcA and TrcB production with limited TrcC and linear Grms while
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DSMZ 5618, however, revealed increased levels of TrcC and linear Grm production. This difference
in production profile may be attributed to the demand of the producer towards a specific amino acid,
Phe or Trp, with variation in analogue production being influenced by the incorporation at position
three and four of the dipeptide unit. Cellular demand of a specific amino acid may result in de novo
synthesis via the shikimate pathway, in which the synthesis of Phe from Trp or Trp from Phe can
occur, altering the overall amino acid availability and thus directly impacting which analogues are to
be synthesised. Furthermore, due to linear Grms requiring Trp, a decrease in this amino acid will
result in a decreased synthesis as seen in ATCC 10068 and ATCC 8185 but not in DSMZ 5618 due

to the demanded amino acid shift facilitated by de novo synthesis via the shikimate pathway.

Successful purification of commercial tyrocidine and crude production extract revealed that the
commercial analogue abundance was TrcB/B1, TrcA/A; and TrcC/C; with a very low amount of
TpcC analogues and PhcA whereas the crude peptide extraction resulted in an abundance of TrcA
(46.6%) and TrcB (29.9%) and low amount of the Lys9— containing analogues (TrcAi/B1/Ci). The
obtained peptide abundances from the peptide extractions in this study correlated to those previously
obtained in literature [8, 12]. Interestingly, the crude peptide extract resulted in a 2% abundance of

PhcA which was not observed to be in the commercial extract.

The pure commercial peptide (98.6%) extracts were obtained and will be utilised in the rest of the
study in the antimicrobial (Chapter 3) and biophysical analyses (Chapter 4), for the identification of

the most optimal formulation.
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2.7 Supplementary information

2.7.1 Peptide peak identity conformation of CDP extract from commercial
tyrothricin

Commercial and crude Trc mix was obtained and purified as described in 2.3.2 following a method
previously described by Spathelf and Rautenbach [19]. Characterisation of peptide extracts was
performed using UPLC-MS and analogue identity was confirmed using HR-ESMS as described in
2.3.3 [1]. The retention time (R¢) of each peptide analogue is summarised in Table 2.4 correlating to

the respective peaks shown in Figure 2.5.

HR-ESMS coupled with UPLC revealed the ability and nature of each of the CDPs in the extracts to
oligomerise (aggregate) into higher-order structures such as dimers and trimers which are stable under
HR-ESMS conditions. Briefly, Figure 2.7 Al, BI and CI show the spectra of Trc analogues, TrcC;
(1361.6775), TrcC (1347.6548) and TpcC (1370.6781) revealing monomers, dimers, and trimers,
respectively and Figure 2.7 All, BII, CII shows the monomer spectrum of TrcC; (1361.6775), TrcC
(1347.6548) and TpcC (1370.6781) present within the respective sample peak confirming analogue
identity and presence. The presence of TrcC in All, TrcC;in BII and TrcB; in Cll is attributed to the
peak overlaps and the purification via a Cis — high performance liquid chromatography (HPLC)

method is required to remove these analogues when a pure sample is desired.

Spectra in Figure 2.8 Al, BI and CI reveal the presence of TrcB; (1322.6591), TrcB (1308.6516) and
TpcB (1331.6632) monomers, dimers, and trimer oligomers (aggregates). Figure 2.8 All, BII and CII
show the enlarged spectrum confirming the major monomeric analogue within the peak. Peak overlap

is observed again with the presence of TrcB in AIl and TrcB; in BIIL.

Lastly, spectra in Figure 2.9 Al BI and CI indicate TrcA1 (1283.6450), TrcA (1269.6324) and TpcA
(1292.6440) oligomers (aggregates) namely monomers, dimer, and trimers for each analogue,
respectively. Enlarged HR-ESMS spectrum in Figure 2.9 All, BII and CII confirm the major analogue
present correlating to the selected and shown peaks in Figure 2.5. Furthermore, peak overlap is

observed due to the presence of TrcA in Figure 2.9 AIl and CII and TrcA; in Figure 2.9 BIL
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HR-ESMS analysis of CDP extract from commercial tyrothricin. AI — CI: HR-ESMS

spectrum of TrcAi, TrcA and TpcA monomers, dimers, and trimers, respectively. AIl — CII: The
enlarged spectrum of TrcAj, TrcA and TpcA from 300 — 2000 Da showing the monomeric analogue
present within the sample and peak. Peptide abundance and retention time are provided in Table 2.3.
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Figure 2.8  HR-ESMS analysis of CDP extract from commercial tyrothricin. Al — CI: HR-ESMS
spectrum of TrcBi, TrcB and TpcB monomers, dimers, and trimers, respectively. AIl — CII: The
enlarged spectrum of TrcB1, TrcB and TpcB from 300 — 2000 Da showing the monomeric analogue
present within the sample and peak. Peptide abundance and retention time are provided in Table 2.3.
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Figure 2.9  HR-ESMS analysis of CDP extract from commercial tyrothricin. AI — CI: HR-ESMS

spectrum of TrcCj, TrcC and TpcC monomers, dimers, and trimers, respectively. AIl — CII: The
enlarged spectrum of TrcCi, TrcC and TpcC from 300 — 2000 Da showing the monomeric analogue
present within the sample and peak. Peptide abundance and retention time are provided in Table 2.3.
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2.7.2 Peptide peak identity conformation of crude CDP extract from Br. parabrevis
ATCC 10068

As observed for the commercial Trc mix, a similar nature for the crude extract is seen of the Trc
analogues in their nature to produce monomers, dimers, and trimer oligomers (aggregates) as revealed
using Direct HR-ESMS, shown in Figure 2.10 AI-CI, 2.11 AI-CI and 2.12 AI — CI, respectively.
Analogue retention time along with percentage abundance within the sample is provided in Table 2.4

which correlate to selected analogue peaks in Figure 2.6

Figure 2.10 AL BI and CI reveal the presence of TrcC; (1361.6781), TrcC (1347.6527) and TpcC
(1370.6803) monomers, dimers, and trimer oligomeric (aggregate) structures indicating that these
structures are highly stable due to them not being removed or disrupted when exposed to the
conditions of HR-ESMS. Monomeric molecules of TrcC; (1361.6781), TrcC (1347.6527) and TpcC
(1370.6803) are indicated in the enlarged HR-ESMS spectra in Figure 2.10 All, BII and CII,
confirming major analogue identity within the selected peak. Peak overlap is observed due to the

presence of TrcC in Figure 2.10 Al and TrcC; in Figure 2.10 BIL.

Similarly, to obtain results for the commercial Trc mix, Figure 2.11 Al BI and CI revealed TrcB;
(1322.6588), TrcB (1308.6517) and TpcB (1331.6632) monomeric, dimeric, and trimeric oligomers
(aggregates) present within the extract. Figure 2.11 AlIl, BII and CII confirm the monomeric molecule
of TrcB1 (1322.6588), TrcB (1308.6517) and TpcB (1331.6632), respectively, that are found as the

major analogue within each of the selected peaks.

Lastly, Figure 2.12 presents the presence of TrcA; (1283.6498), TrcA (1269.6343), TpcA
(1292.6503) and PhcA (1253.6472) monomers, dimers, and trimers in Al, BI, CI and DI, respectively.
Furthermore, Figure 2.12 All, BII, CII and DII provide the enlarged HR-ESMS spectra confirming
the major analogue present within the peaks shown in Figure 2.6. Interestingly, PhcA, Figure 2.12 DI
and DII, is only identified and present within the crude peptide extract compared to the commercial

extract, as elaborated on in section 2.4.3.
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Figure 2.10 HR-ESMS analysis of CDP extract from Br. parabrevis ATCC 10068. Al — CI: HR-
ESMS spectrum of TrcCi, TrcC and TpcC monomers, dimers, and trimers, respectively. AIl — CII:
The enlarged spectrum of TrcCi, TrcC and TpcC from 300 — 2000 Da showing the monomeric
analogue present within the sample and peak. Peptide abundance and retention time are provided in

Table 2.3.
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Figure 2.11 HR-ESMS analysis of CDP extract from Br. parabrevis ATCC 10068. Al — CI: HR-
ESMS spectrum of TrcCy, TrcC and TpcC monomers, dimers, and trimers, respectively. All — CII:
The enlarged spectrum of TrcCi, TrcC and TpcC from 300 — 2000 Da showing the monomeric
analogue present within the sample and peak. Peptide abundance and retention time are provided in
Table 2.3.
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Figure 2.12 HR-ESMS analysis of CDP extract from Br. parabrevis ATCC 10068. Al — CI: HR-
ESMS spectrum of TrcCi, TrcC and TpcC monomers, dimers, and trimers, respectively. AIl — CII:
The enlarged spectrum of TrcCi, TrcC and TpcC from 300 — 2000 Da showing the monomeric
analogue present within the sample and peak. Peptide abundance and retention time are provided in
Table 2.3.
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Chapter 3

The influence of solvent focused formulations on bioactivity of
tyrocidines towards Listeria monocytogenes and
Staphylococcus aureus

3.1 Introduction

Surface colonisation and adhesion by harmful microorganisms in both the medical and industrial
sectors are becoming a great threat. Coupled with the ever-increasing rise in antibiotic-resistant
pathogens [1], alternative and more effective ways are needed to address this rising problem. The
ability of pathogenic organisms to colonise, adhere and form biofilms on various surfaces leads to
prolonged exposure and increased susceptibility to these pathogens, promoting a reservoir for these
pathogens to persist, transmit and infect [2,3] homes, hospitals and industrial workplaces [4]. To
address this, various cleaning and disinfecting methods have been developed and agreed upon so long
they are applied and used inappropriately [5]. However, there are areas of disagreement as to the most
efficient and effective methods of environmental cleaning and disinfection of surfaces [6]. The role
of disinfectants is the eradication and removal of pathogens post surface contamination, but this is
not an effective approach as this does not prevent further surface contamination due to the

disinfectants having a short duration of action/activity [7].

An example is the food spoilage organism, Listeria monocytogenes, of which many strains have been
isolated from various food processing environments and products due to the control of the food
pathogen within these facilities being a continual challenge [8,9]. Its prevalence within these
environments can be attributed to its ability to survive at low temperatures, aerobic and facultative
anaerobic respiration, and the ability to form biofilms on different surfaces [8-10]. Studies conducted
in Italy at a pork slaughtering plant found that L. monocytogenes contamination was detected in the
utilised knives, carcass surfaces (23% of samples) and the floor and drains of wash areas (25% of
samples) [11]. Further studies were conducted within the poultry [12,13], cheese [14], beef [15,16],
and ready-to-eat [17] industries with similar results being obtained. Although standard cleaning and
disinfecting practises were strictly applied and followed, L. monocytogenes was and is still prevalent
and cannot effectively be eradicated. This persistence is due to the ability of L. monocytogenes to
form biofilms allowing additional protection against disinfection and cleaning efforts [18]. Another
problematic pathogen in the healthcare industry is Staphylococcus aureus, a Gram-positive bacterium
that causes a wide range of clinical diseases, with infection being common within the hospital and
community settings [19]. Studies have shown that within hospital environments, the surfaces such as

bed rails, patient chairs, sinks and bedside tables are severely contaminated [4,20-22]. A surface study
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conducted by Laila et al. [23] within the Provincial Hospital Centre in Morocco detected 88%
bacterial growth from the 200 swabs taken. From these samples, 31.7% of the bacterial growth was
Gram-negative multidrug resistance (MDR) bacteria and of the Gram-positive bacteria, 44.7% was
identified as MDR S. aureus [23]. Another study by Huang et al. [24] found that surfaces such as
laminated tabletops, cloth curtains and plastic chairs were able to sustain S. aureus survival for up to
12 days. As a major focus is being placed on circumventing antibiotic resistance, the rise in potential
resistance development towards current cleaning and disinfecting agents is not receiving the attention
it deserves to combat this problem [25]. Therefore, it is vital that an alternative approach is developed
with a focus on surface treatment that prevents initial contamination, maintains surface sterility, and
prolonged compound activity and is capable of a wide range of applications which are generally

regarded as safe (GRAS) status.

A possible solution to the above-mentioned problem is the development of antimicrobial formulations
or materials incorporating antimicrobial peptides (AMPs). Although the potential antimicrobial
materials can kill and inhibit bacterial spread and contamination on surfaces [25], their shortfalls are
that active ingredients have poor antimicrobial activity, only short-term stability, and are prone to
induce microbial resistance [25]. AMPs serve as the most likely candidates for the active ingredient
in antimicrobial formulations or self-sterilising materials that can be utilised for surface sterilisation
and protection. Nisin, a successfully utilised AMPs with generally regarded as safe (GRAS) status,
has a wide array of applications ranging from biomedical applications [27] to food preservation [28].
Because of nisin’s success, further development and incorporation of alternative AMPs are being
explored with the following characteristics being desired: long-term high stability, inexpensive and
easily synthesised, does not decompose or emit toxic products, water-insoluble, broad-spectrum

antimicrobial activity and non-toxic and non-irritating [29].

The tyrocidines (Trcs) are a group of non-ribosomal antimicrobial cyclodecapeptides synthesised by
the soil bacterium, Brevibacillus parabrevis, as part of a complex with linear gramicidins (Grms)
known as the tyrothricin complex [30] (refer to Chapter 2 for more details). Due to the nature of the
Tres, selectivity is not limited, as the Trcs have broad-spectrum activity towards various Gram-
positive bacteria such as L. monocytogenes [31], S. aureus [32], Micrococcus luteus [31] and certain
environmental Gram-negative bacteria [33]. Additional targets include a broad range of filamentous
fungi, including Botrytis cinerea and Aspergillus fumigatus [34,35], but also the human fungal
pathogen Candida albicans [36]. The rapid membranolytic activity of the Trcs and multiple modes
of action makes resistance development not likely to occur, as reported in a recent study [37]. Being
toxic to eukaryotic cells, the Trcs have been limited to topical creams and throat lozenges in their

medical applications [38]. However, for topical applications and surface sterilisation, the potential of
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low resistance development, selectivity towards multiple targets, the capability of sticking to various
materials [39], low environmental, oral and topical toxicity, heat and pH stability, low water solubility
and degradation resistant character, while remaining biodegradable [40,41] the Trcs are perfectly
suited active ingredients for antimicrobial formulations or self-sterilising materials. However, to
develop active formulations and functional materials one must consider that the Trcs readily form
higher order oligomers/aggregates (refer to Chapter 2, Figure 2.1) resulting in a decrease in selectivity

and activity.

The focus of this chapter is to assess the influence of six different solvents and additives (Table 3.1),
in varying combinations (Table 3.2), on the overall antimicrobial activity of tyrocidine mixture (Trc
mix) towards L. monocytogenes and S. aureus. The effect of solvents and varying additives have been
shown to influence the different structural interactions and conformations of peptides [42,43]. The
relationship between the relative M; and dielectric constant was determined to provide insight into
the influence the different formulations had on the activity and mode of action. It is expected that the
different conditions will influence the aggregation and activity of the peptide.

Table 3.1 Summary of solvent system and additive utilised for tyrocidine (Trc) formulations
development and used in this study.

(Abbroviation) _composition Me* Character o WL
Acetonitrile (ACN) C2H3N 41.03 Polar aprotic 37.5 3.92D
Isopropanol (IPA) CsHsO 60.06 Polar protic 19.92 1.66 D
Propylene-glycol (PG) CsHsOx 76.05 Polar protic 36.95 227D
Tertiary-butanol (TBA) C4H100 74.07 Polar protic 10.9 1.70D
Methanol (MeOH) CH4O 32.03 Polar protic 32.7 1.69 D
Ethanol (EtOH) C2HeO 46.04 Polar protic 24.55 1.68 D
Additive g;n;zlslitg(l;{] M * Character g* nll);f:)elﬁ ¢
Glycerol (Glr) C3H3zOs 92.04 Polar protic 41.01 262D
Zinc Chloride (ZnCly) ZnCl, 136.29 Polar, ionic NA NA
Caleium Chloride CaCl, 110.98 Polar ionic NA NA
(CaCly)

*. Data used for dielectric constant (€) and relative molecular weight (M) calculations — refer to section 3.4.5

3.2 Materials

Tyrothricin extract (extract from Brevibacillus parabrevis), gramicidin S (extract from

Aneurinibacillus migulanus), tert-butyl alcohol (TBA) and iso-propyl alcohol (IPA), resazurin
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sodium salt were supplied by Sigma-Aldrich (St. Louis, MA, USA). Absolute ethanol (EtOH,
>99.8%), yeast extract, tryptone and chloroform were supplied by Merck (Darmstadt, Germany).
Methanol (MeOH) and acetonitrile (ACN, HPLC-grade, far UV cut off) were provided by Romil Ltd.
(Microsep, Johannesburg, South Africa). Analytical grade water (MQH20) used for all peptide
formulations was obtained using a reverse osmosis purification plant, through a Millipore-Q® water
purification system (Milford, USA). Cell culture plates (96-well plates) were supplied by Thermo-
Fisher Scientific (Waltham, MA, USA). Petri dishes were supplied by Lasec (Cape Town, South
Africa) and sterile Falcon® tubes were supplied by Becton Dickson Labware (Lincoln Park, USA).
Polycarbonate syringe filters (0.22 uM and 0.45 uM) were from Merck-Millipore (MA, USA).
Glucose, agar, sodium chloride (NaCl), calcium chloride (CaClz), hydrochloric acid and brain heart
infusion growth medium (BHI) were supplied by Merck (Wadeville, Gauteng). Propylene-glycol
(PG) was gifted by Plascon® (Plascon, South Africa). L. monocytogenes B73 was obtained from the
BIOPEP " bacterial library (Stellenbosch University, South Africa) and S. aureus RN4220 was gifted
by Prof. E Strauss of the Biochemistry department (Stellenbosch University, South Africa).

3.3 Methods

3.3.1 Culturing of target organisms

Freezer stocks of Listeria monocytogenes B73 were streaked out onto BHI agar plates (brain heart
infusion medium and 1.5% (m/v) agar) and grown at 37°C for 46 hours until visible colonies were
present. S. aureus RN4220 freezer stocks were streaked out onto LB agar media plates (Luria Betrani
medium containing 1% m/v tryptone, 0.5% m/v yeast extract, 1% m/v NaCl and 1.5% m/v agar made
up in water) and grown at 37°C for 24 hours until visible colonies were present. All procedures
followed standard sterile biosafety level 2 culturing techniques. For overnight starter cultures, three
to five colonies were selected and inoculated into 20 mL of respective optimal growth media and
grown overnight for 16 hours. Subcultures were prepared using 1% of overnight culture into 10 mL
of fresh media and incubated until the mid-log growth phase was reached. All grown cultures were
incubated at 37°C and slanted at 150 RPM. The mid-log growth phase and cell concentrations were
determined from previously obtained plate count data in our laboratory: L. monocytogenes (ODgoo =
0.4, + 1.3 x 108 cells/mL) and S. aureus (ODgoo = 0.3, = 1.4 x 10 cells/mL) with optical density

measured at 600 nm at a light path length of 1 cm.

3.3.2 Development of Trc-formulations for antimicrobial activity
The Trc mix was made up to two final analytical concentrations of 0.500 mg/mL and 0.100 mM
(calculated using average peptide M: =1308) at a final solvent concentration of 10% (v/v) for each of

the six solvent systems: ACN, TBA, IPA, EtOH, MeOH and PG. The 0.500 mg/mL Trc mix was then
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formulated separately with 1% glycerol (Glr), 5 uM ZnCl; and 1% Glr in combination with 5.00 uM
ZnClz. The 0.100 mM Trc mix was formulated separately with 100 uM ZnCl, 100 uM CaClz and
1% Glr in combination with 100 uM CaCl,. The details of the formulations used in this study are
summarized in Table 3.2. Each formulation was made up to a final 10% (v/v) solvent concentration
and allowed to incubate for 1 hour. Following incubation, 200 pL of the formulations were added to
a 96-well microtiter plate (dilution plate) and serially diluted. A sample volume range of 10.0 — 100.0
puL was transferred into the corresponding well in a new 96-well microtiter plate (activity plate)
resulting in either a final dried peptide range of 5 ug — 0.0534 pg or 13.8 ug — 0.107 pg in the wells
at a final solvent concentration of 1% (v/v), following overnight drying. A control peptide solution of
GS was made up to 0.500 mg/mL followed by 10.0 pL transferred to a 96-well microtiter plate
(activity plate) and allowed to dry overnight. Treated plates were sterilized for one hour under
chloroform following drying prior to testing. The Trc mix formulation inhibition concentrations
(ug/mL) were determined and correlated to a fixed amount of Trc mix (ug/cm?) dried to the surface
of the well following exposure. The determined ICso concentrations correlate to the initial
concentration of peptide in the 10 puL that the target cells experience.

Table 3.2 A summary of the different additives and ratios for the Trc-peptide formulations made
up in each of the six solvent systems assessed towards the bacterial targets.

Formulant Trc mix: formulant Final concentration of
(m/m) formulant (uM)

Solvent - -
ZnCl, 1:20 5uM
ZnCl» 1:1 100 uM

1% GIr + ZnCl 1:20 1% (v/v) + 5 uM
1% Glr 1:20 1% (v/v)
CaClz 1:1 100 uM

1% Glr + CaCl» 1:1 1% (v/v) + 100 uM

3.3.3 Antimicrobial activity assays of Trc-formulations towards selected targets
L. monocytogenes B73 and S. aureus RN4220 were cultured and grown as described in 3.3.1 to the
correct ODgoo. A volume of 10 puL of the grown selected target was pipetted into the sterilized 96-
well microtiter plate (activity plate) and incubated for 1 hour at 37 °C. Following incubation, 90 uLL
PBS (phosphate buffered saline: 0.8% m/v NaCl, 0.02% m/v KCl, 0.144% Na,HPOu, 0.024% m/v
KH>POs4; pH = 7.4) and 10 uL resazurin dye (0.3 mg/mL in PBS) was added to the plates and
incubated at 37 °C. Resazurin conversion was measured at Exs3 and Emsgp after 30 minutes
incubation and measured every hour for two hours using the Tecan Spark 10M Multimode Microplate
Reader, controlled by the Spark Control® Software provided by the Tecan Group Ltd (Mennehof,
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Switzerland). The measured fluorescence was converted to % inhibition of metabolism described by

the following equation:

100 X (Emggg of wenn — Average of Emsq, of blank)

9 tabolic inhibition = 100 —
% metabolic inhibition Mean Emsg,0f growth control — Mean Emsq blank

Growth control (0% metabolic inhibition) constituted of wells containing growth media with cells,

resazurin dye and PBS and the blank (background) was no cells, resazurin dye and PBS.

3.3.4 Data analysis

Data analysis was performed using GraphPad Prism® V 6.0 and V 5.0 (San Diego, CA, USA).
Calculation of microbial inhibition was determined using non-linear regression calculations by fitting
the experimental data to a sigmoidal curve using a defined variable slope (Hill slope constrained to
less than 7) and an upper and lower constraint set to less than 110 and 0, respectively fitted using the
following equation from Rautenbach et. al. [44]:

bottom + (top — bottom)
y= 1 4+ 10!ogICsp x activity slope

The bottom and top parameters represent the highest and lowest metabolic inhibition percentages for
the different tested formulations of Trc mix. Determined parameters used in this study as described
by Rautenbach et. al. [44] and Du Toit and Rautenbach [45] are: MIC or ICnax (minimum inhibitory
concentration), ICso (inhibitory concentration required for 50% microbial inhibition) toward the target

bacteria when exposed to the Trc formulations.

3.4 Results

Surface adherence and consequently surface contamination by both L. monocytogenes and S. aureus
RN4220 is a developing problem within the food and health industry [1-6,8]. Furthermore, the lack
of effective, GRAS and non-antibiotic-containing surface protection agents against these organisms
and others serves as a niche target area for antimicrobial surface formulation development. The aim
of this study is to assess the influence of six different solvents (refer to Table 3.1) in combination
with varying ratios of different formulants (refer to Table 3.2) on the antimicrobial activity of the Trc
peptide mix towards L. monocytogenes B73 and S. aureus RN4220. This was achieved by using a
modified high-performance solid surface assay developed by Van Rensburg et al. [58] following the
assay protocols developed by Du Toit and Rautenbach [45].

3.4.1 Trc formulation (1:20 ratio) activity towards L. monocytogenes
The tested antimicrobial activity of the Trc formulations ACN, EtOH, IPA, MeOH and TBA in both

the solvent and 5 uM ZnCl; showed a higher degree of sensitivity toward the microbial target
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(Figure 3.1). Furthermore, it can be observed that the MIC concentrations for these two formulations
in these solvents were similar, except for ACN formulation where there is an apparent two-fold
dilution difference between 5 uM ZnCl, (25 pg/mL Trc mix) and the solvent formulation alone
containing 12.5 ug/mL Trc mix. However, upon further analyses, we found no significant difference
for this difference (refer to Figure 3.2: ACN, Table 3.2), as this result could be due to the inherent

error of the assay.
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Figure 3.1  Antibacterial activity of surface dried Trc mix that was prepared in six different
solvents systems (ACN, EtOH, IPA, MeOH, PG and TBA) in a final 10% (v/v) and in combination
with one or two additives (1% Glr and 5 puM ZnCl»). The top concentration represents 50 pg/mL
(correlating to 500 pg/mL in one hour formulation incubation solution) with doubling dilutions down
to 0.39 pg/mL (correlating to 3.91 pg/mL in one hour incubation solution). The MIC is represented
with the black arrows, correlating to the concertation required to inhibit >95% of the bacterial target
(Refer to Table 3.3B). Each data point represents the average of three biological repeats, with three
technical repeats per assay (n = 9) with the standard error of the mean (SEM). The sigmoidal dose-
response curves fitted the experimental data with R*-values of > 0.99.
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The antimicrobial activity of the formulations that contain 1% Glr for ACN, IPA (P < 0.0001) and
TBA (P < 0.05) showed a significant decrease in selectivity towards L. monocytogenes and thus a
much higher observed ICso value. For ACN and IPA Trc mix formulations, there is a significant
difference (P < 0.0001) in the observed effect of both 1% Glr and 1% Glr + 5 uM ZnCl, additives for
the Trc mix formulation (Figure 3.2, refer to supplementary data, Table S3.1) with both ACN and
IPA as Trc mix solvents exhibited similar dose-response to the microbial target. Furthermore, the
influence of EtOH on Trc mix remained consistent in combination with 1% Glr and 1% Glr + 5 uM
ZnCl,. This may be attributed to the overall solvent character (refer to Table 3.1) and interaction with
Glr thereby mitigating its negative effect on the peptide equilibria and activity. This is because the
Tres are known to readily form dimers and higher order structures (refer to Chapter 2, Figure 2.1) and
these dimers/higher order oligomers have previously been shown in a few studies [33,35,48,49] to
either form dimers via hydrogen bonding or by the hydrophobic effect required by the peptide to form
dimers. Interestingly, obtained antimicrobial results for PG showed the opposite effects as compared
to the other five tested solvent systems and formulations. This may be due to the similar nature and
structure between PG and Glr. When PG is not in the presence of Glr, it may disrupt or compete with
the peptide for hydrogen bonding like Glr. Alternatively, it may bind with water, thereby competing
for H-bonds or removing the hydrophobic effect on the peptide. Overall, this will hinder the peptides’
ability to form higher order structures depending on extended H-bond networks and/or hydrophobic
clustering, respectively. Furthermore, it can be seen in Figure 3.1 that when in the presence of
1% Glr and/or 1% Glr + 5SuM ZnCl,, antimicrobial activity of the Trc formulation is returned to
similar levels as those seen for the other solvent systems, and although there is no significant
difference between the added 1% Glr and 1% Glr + 5 uM ZnCl; to the solvent alone, there is indeed
a significant difference when compared to without any 1% Glr. Lastly, EtOH formulations (Figures
3.1 and 3.2) show no significant difference in microbial sensitivity and activity for the four tested
formulations. This may be attributed to the hydroxyl groups found in EtOH and as described above
for Glr, when EtOH is used, there are competing hydroxyl groups in the aqueous environment thereby
allowing Glr to interact with either the free water or EtOH that could influence the peptide monomer,

dimer, and higher oligomer equilibria.

Comparing peptide formulations at a specific condition between the different solvents allows for the
identification of which solvent was the most sensitive at that state but also allows for the significant
determination of the most optimal solvent and condition. As seen in Figure 3.3, all the solvents alone
and not in combination with any formulants showed a significant difference of P < 0.001 when

comparing to PG. However, there was no observed significant difference between any of the other
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solvent formulations indicating that none improved the activity towards L. monocytogenes when there

are no other additives.
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Figure 3.2  Scatter plot comparisons representing the ICso values (ug/mL) (refer to Table 3.3A)
obtained within each solvent formulation system tested 10% (v/v) ACN, EtOH, IPA, MeOH, PG and
TBA in water) with ZnCl, and Glr additives. Error bars represent the mean SD for three biological
repeats with three technical repeats per assay (n = 9). Statistical analysis between solvent as the
control and the other conditions was performed using One-way ANOVA with Bonferroni’s multiple
comparison test with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Figure 3.3  The scatter plot represents the ICso values (ug/mL) (refer to Table 3.3A) obtained
when comparing the effect, the different solvents (ACN, EtOH, IPA, MeOH, PG and TBA) have
towards Trc mix antimicrobial activity within the specific tested peptide formulation conditions
(solvent, 1% Glr, 5 uM ZnCl> and 1% GIr + 5 UM ZnCl,). Error bars represent the SD for three
biological repeats with three technical repeats per assay (n = 9). Full statistical analysis comparison
can be found in the supplementary data, Table S3.1

It is evident that when comparing the influence of 1% Glr on each of the solvent system's activity,
Glr results in a large scatter and has a significant influence on the activity performance of the Trc
formulations (refer to Table S3.2). Trc mix in ACN has the highest ICso value for both 1% Glr alone
and in combination with 5 pM ZnCl> (1% Glr + 5 uM ZnCl,) being significantly different (P <0.0001)
from EtOH, MeOH and PG in both formulation conditions, followed by a significant difference of
P < 0.001 for IPA with only 1% Glr and TBA with 1% Glr + 5 uM ZnCl,. Furthermore, EtOH in
combination with 1% GIr and 1% GIr + 5 uM ZnCl; resulted in the lowest ICso value in both
conditions which were significantly different from the five other tested solvents (P < 0.0001 in
1% Glr and P < 0.001 in 1% Glr + 5 uM ZnCl>). This large variability induced by Glr may not only
be attributed to its role in disrupting optimal peptide conformation but may be due to Glr metabolism
by L. monocytogenes [46]. The scatter and spread of ICso values observed in Figure 3.2 — 3.3 for
1% Glr and 1% Glr + 5 uM ZnCl,, may be due to Glr uptake. Previous studies conducted by Joseph

et. al. [46] have shown that when under stress, L. monocytogenes can take up Glr as it is a carbon
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source, increasing cellular metabolism. This uptake can be driven due to the stress placed by the Trcs
[47], and as there is now an abundance of Glr available to the stressed cell, metabolism upregulation
will result in the poor performance of the formulations, correlating to the results observed above.
Interestingly, EtOH, as an organic solvent for Trc mix, when in combination with 1% Glr and/or
1% Glr + 5 uM ZnCl; did not result in similar scatter or increased ICso towards L. monocytogenes
B73. This could be due to the EtOH having a role in removing Glr from the cell environment by
allowing Glr interaction with the peptide aggregates/nanostructures preventing its accessibility for
metabolic uptake. However, without the addition of 1% GIr in any of the formulations, there is no
significant difference between each of the solvent groups, except for the PG formulations (P < 0.001).
This may be due to the nature of the Trc mix containing a combination of multiple Trc analogues and
thus promoting the formation of multiple homo- and heterodimers which can occur in a variety of
solvents. Proposed by Loll et al. [48] and Munyuki et al. [49], dimeric Trc may be the active moieties
responsible for eliciting activity due to the amphipathic character of B-sheet type Trc unidirectional
dimers that allows membrane interaction. Therefore, using optimal solvent and formulation

conditions could stabilise the dimers and larger oligomers from which active dimers can be released.

3.4.2 Trc formulation (1:1 ratio) activity towards L. monocytogenes

The antimicrobial activity of ACN, EtOH, IPA, MeOH and TBA towards L. monocytogenes resulted
in similar obtained MIC values of 6.25 pug/mL when comparing the solvent, 100 uM ZnCl, and
100 uM CaCl, formulation conditions (Figure 3.4 A-D) with there being no significant difference
within the solvent groups when comparing the tested conditions (Figure 3.5 A-D). However, TBA
showed a significant difference in the obtained MIC value of 1.56 pg/mL when in combination with
1% Glr + 100 uM CaCl: (refer to Figure 3.4E and 3.5E) towards L. monocytogenes B73. Furthermore,
when comparing the obtained ICso values of 1% Glr + 100 uM CaCl; in TBA to the other three tested
formulation conditions, there was a significant difference of P < 0.0001 and P < 0.001 to the solvent,

and 100 uM CaCl; and 100 uM ZnCl: respectively.

To understand the role that formulants have and if they have a significant effect on the peptide’s
ability to elicit an antimicrobial response, ICso comparisons were deduced between all tested solvents
within the same formulation groups. No significant differences were observed when comparing the
solvent alone formulation, the 1:1 formulation containing 100 uM ZnCl; and 100 uM CaCls, and the
1:20 ratio formulation. This may be attributed to the major influence of the self-assembling nature of
the tyrocidines [48,49] driven by the aqueous environment, regardless of the organic solvent
modifiers and additives. Furthermore, increasing the concentration of additives seems to retain the
activity regardless of the solvent or formulation ratios. However, the introduction of 1% Glr with

100 uM CaClz showed a significant decrease in the ICso values when comparing TBA to the other
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four solvents (P < 0.05 for IPA, P < 0.01 for MeOH and P < 0.001 for ACN and EtOH). Furthermore,
the addition of 1% GIr did not result in a similar decrease in activity versus those obtained for the
1:20 ratio formulations. This indicates the significance of the 100 uM CaCl, in the peptide
formulation and may be indicative of a structural or mode of action role Ca®* has on the Trcs. Previous
studies conducted by Spathelf [54] and Leussa [55] showed that when the Trcs were formulated in
combination with CaCly, there was an increase in non-lytic anti-listerial activity postulating a more
specific cell activity. Therefore, in the presence of Ca®', the tyrocidines can negate the possible
negative structural effects of Glr, as observed in Figure 3.6 with the low antimicrobial ICso values,
by potentially changing the mode of action which can be further improved with the use of specific
solvents such as TBA.

Table 3.3 Summary of the A: ICso and B: MIC values obtained for different Trc formulations

assessed against L. monocytogenes with (n) representing the total number of technical repeats per
condition and SD representing the standard deviation within the assessed condition.

A. ICso = SD pg/mL (n)
1% Glr + 1% Glr +
Solvent (9) 1% Glr (9) SCF{NEQ) 5uM le?gl“l(\:{) legl”l(\i) 100uM
2 ZnCl, (9) 2 2 CaCl, (4)

ACN 54+12 176 £45 68+14 204+62 24+03 24+03 3.0+0.6
EtOH |[3.8+0.1 3817 43+03 4.2 +0.3 3.1+1.3 3.1+x1.2  3.1+14
IPA 4.7+0.6 147+17 49+04 126 £25 2.7+04 27+#04  2.140.1
MeOH | 4.2+0.2 53+35 43+0.5 69+39 2.9+0.7 33+0.6  2.4+40.5
PG 8.8+1.8 6.3+25 11.9464 44+05 1.0+0.9 1.0x1.5  0.1+0.3
TBA 53+1.0 89+54  5.8+0.8 46+46  2.5+03 29405  0.7#0.3

B. MIC pg/mL (n)

1% Glr + 1% Glr +

Solvent (9) 1% Glr 9) n%i%) 5uM le?glz‘l(\ﬁ) legl*;l(\i) 100uM

ZnClz (9) CaCl2 (4)
ACN 12.5 50.0 25.0 50.0 6.3 6.3 6.3
EtOH 6.2 6.2 12.5 6.2 12.5 12.5 6.3
IPA 12.5 50.0 12.5 50.0 12.5 12,5 6.3
MeOH 12.5 25.0 12.5 50.0 6.3 6.3 6.3
PG 50.0 25.0 50.0 12.5 12.5 25.0 1.6
TBA 12.5 50.0 12.5 25.0 6.3 12.5 1.6
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Figure 3.4 Antibacterial activity of surface dried Trc mix that was prepared in five different

solvents systems (ACN, EtOH, IPA, MeOH and TBA) in combination with one or two additives
(100 uM ZnCl,, 100 uM CaCl; and 1% Glr + 100 uM CaClb). The top concentration represents
100 pg/mL (correlating to 1000 pg/mL in I-hour formulation incubation solution) with doubling
dilutions down to 0.781 ug/mL (correlating to 7.81 ug/mL in 1-hour incubation solution). The MIC is
represented with the black arrows, correlating to the concertation required to inhibit >95% of the
bacterial target (Refer to Table 3.3B). The sigmoidal dose-response curves fitted the experimental data
with a R%-vaules of >0.98. Each data point represents the average of two biological repeats, with two
technical repeats per assay (n = 4) with the standard error of the mean (SEM).
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Scatter plot comparisons representing the ICso values (ug/mL) (Refer to Table 3.3A)
obtained within each solvent formulation system tested (ACN, EtOH, IPA, MeOH, PG and TBA).
Error bars represent the SD for two biological repeats with two technical repeats per assay (n = 4).
Statistical analysis between solvent as the control and the other conditions was performed using One-
way ANOVA with Bonferroni’s multiple comparison test with *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001.
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Figure 3.6  The scatter plot represents the ICso values (ug/mL) (Refer to Table 3.3A) obtained
when comparing the effect, the different solvents (ACN, EtOH, IPA, MeOH and TBA) towards Trc
mix antimicrobial activity within the specific tested peptide formulation conditions (solvent,
100 uM ZnCl», 100 uM CaCl; and 1% GIr + 100 uM CaCl,). Error bars represent the SD for two
biological repeats with two technical repeats per assay (n = 4). Full statistical analysis comparison
can be found in the supplementary data, Table S3.1.

3.4.3 Antimicrobial activity of various Trc formulation conditions towards
S. aureus

As described earlier, the ability of microbial targets to adhere to and colonise various surfaces is not
only an attributed feature of L. monocytogenes [2,3] but also the ability of various other microbial
targets to adhere to surfaces that allows for a reservoir for pathogens to cause infection and spread
[2]. One such persisting and problematic pathogen within the health system is S. aureus, which has
been shown to adhere and survive on surfaces for periods of weeks to months [2,50]. With both
L. monocytogenes and S. aureus capable of surface adhesion and contamination, they differ from one
another in their cellular makeup and metabolism. To effectively combat both targets, the Trc
formulations tested against L. monocytogenes were also tested against S. aureus with the focus on

selecting the most effective broad-spectrum formulation based on antimicrobial activity.
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3.4.3.1 Influence of additives (1:20) within solvent groups towards overall Trc formulations activity
towards S. aureus

The antimicrobial activity of the different Trc formulation additives (solvent, 1% Glr, 5 uM ZnCl:
and 1% Glr + 5 uM ZnCl,) within each of the solvent groups was tested against S. aureus (ICso values
were determined from respective dose-response curves, with dose-response curves data not shown).
Comparing the effect the additives had within each solvent group, ACN, EtOH, IPA, MeOH and TBA
(Figure 3.7), did not seem to show a large range of variability for the obtained ICso values, with only
the formulations containing 1% Glr having significantly higher ICso values when compared to those
without (P < 0.05 — P < 0.0001). This result is in stark contrast to those observed for
L. monocytogenes, as the formulations that contained Glr showed the greatest degree of “scatter”,
which may be attributed to cellular stress or the ability of L. monocytogenes to metabolise Glr as a
secondary carbon source, as described in 3.4.1. This observed increase in the ICso value for additives
containing 1% Glr may be due to the polar nature of Glr, and the ability of Glr to interact with the
polar region of the peptide resulting in steric hindrance or reducing the hydrophobic effect required
by the peptide [48,49]. When assessing the role the additives have towards PG (Figure 3.7), the
inverse effect is observed as compared to the other five solvents. Due to the similarity in structure
between PG and Glr, when PG and 1% Glr are in combination, they may work in a synergistic manner
thus stabilizing the peptide and resulting in significantly improved ICso values (P<0.0001) when

compared to the solvent and 5 uM ZnCl.

Tighter data points can be observed for ACN, EtOH, IPA and MeOH compared to those of PG and
TBA. This may be attributed to either the organism and how it responds and reacts when exposed to
the formulation or an equilibrium of the peptide conformation/oligomerisation before and during
drying. The latter can result in a more favourable and stable conformation by the peptide on the
surface promoting better selectivity towards the target. However, when formulated in PG and TBA,
the peptide may be more sensitive to small changes in the environment. When comparing PG and
TBA, it is evident that PG promotes a more unstable formulation compared to TBA, which can be
attributed to either the similar nature of PG and Glr or the low volatility of PG leading to a change in
surface chemistry. As described earlier, when not in the presence of Glr, PG may compete for H-
bonding resulting in disruption for higher order oligomerisation, but when in combination of Glr, PG
and Glr interact thus allowing oligomerisation and significantly improved ICso (P<0.0001). However,
as PG is the least volatile (boiling point 188 °C [51]) of all the organic solvents in this study and being
used as an excipient within aqueous medical products [52], there may be an alternative effect
occurring. As the boiling point required to evaporate PG is high, water is expected to first be removed
in the drying process, thus, leaving a high concentration of PG to interact with the peptides in the Trc

mix.
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Figure 3.7  Scatter plot comparisons representing the ICso values (ig/m) (Refer to Table 3.4A)
obtained assessing the additive (solvent, 1% Glr, 5 uM ZnCl, and 1% GlIr + 5 uM ZnCl,) effect
within each solvent system (ACN, EtOH, IPA, MeOH, PG and TBA). Error bars represent the mean
SD for three biological repeats with three technical repeats per assay (n = 9). Statistical analysis
between solvent as the control and the other conditions was performed using One-way ANOV A with
Bonferroni’s multiple comparison test with *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

This high concentration of viscous PG may lead to binding and possibly clumping the peptide and
the oligomers together on the surface, due to it being used as a binding agent [52]. When re-exposed
to the target aqueous environment, as PG may trap the oligomeric structures, active peptide moieties
such as amphipathic dimers cannot effectively be released to illicit their activity, resulting in poor
activity when only in combination with PG. However, when in the presence of Glr, PG and GIr may
act as a chaotropic agent resulting in a better release of dimers and when exposed to the microbial
target. Therefore, assessing formulations antimicrobial activity against S. aureus, none of the Trc
formulations decreased or improved the overall ICso value when compared to the solvent control, but
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rather slightly increased or maintained the 1Cso value, except for that of PG having the inverse effect

compared to the other five solvents.

3.4.3.2 Influence of additives (1:1) within solvent groups towards overall Trc formulations activity
towards S. aureus

The influence of metal ions has been studied and assessed against AMPs with various valence metal
ions having varied effects on the AMPs [53]. This is no different for the Trcs and thus to further
evaluate and compare the validity of the formulations towards S. aureus, the influence of 1:1 additive
(100 uM ZnClp, 100 uM CaClz and 1% Glr + 100 uM CaCl,) formulations were assessed within each
of the solvent groups (ICso values were determined from respective dose-response curves, with dose-
response curves data not shown) (Figure 3.8). Increasing the ZnClz concentration from 5 pM to
100 uM had no significant influence on the antimicrobial activity against S. aureus for ACN, IPA,
MeOH and TBA peptide formulations. However, the increase in concentration of ZnCl; significantly
increased (P < 0.001) the ICsp value of the EtOH formulation. These observations show that the Trcs
antimicrobial activity is not enhanced by the addition of Zn**, but that Zn** may potentially have an
alternative role in peptide oligomerisation and stabilisation for activity. Furthermore, 100 pM ZnCl»
with PG caused a significant increase (P < 0.0001) of the ICso. This can be attributed to a similar
effect as observed with the earlier 1:20 ratio formulations for PG whereby PG has an antagonistic
effect on the peptide. This will either result in the peptide folding into an unfavourable conformation
for optimal selectivity and activity or PG binds and sticks peptide units together, preventing the

dimers from disassociating when in contact with the organism [48].

Due to CaCl; previously being shown by Spathelf [54] and Leussa [55] to improve the activity of the
Tres against listeria and potentially altering the mode of action from lytic to non-lytic [55], the
influence towards a different target and cellular makeup was determined. Interestingly, ACN and
MeOH did not show any significant changes to the ICso when compared to the solvent control,
however, EtOH, IPA, TBA and PG resulted in a significant increase (P < 0.001 and P < 0.0001) in
ICso values. This increase in ICso (decrease in activity) may be due to the Ca** competing with the
Tres for the binding site on the negatively charged phospholipid headgroups of S. aureus cell
membrane, thus potentially preventing full anchoring of the peptide. This slight decrease in activity
correlates with obtained results obtained by Marques et al. [56] in which Trc A and analogues did not
show an increase in antibacterial activity towards MRSA when exposing the peptide to increasing

Ca®* concentration.
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Figure 3.8  Comparative scatter plot comparisons representing the IC50 values (ug/mL) (refer to
Table 3.4A) obtained assessing the additive (solvent, 100 uM ZnCl,, 100 uM CaCl» and 1% Glr +
100 uM CaClp) effect within each solvent system (ACN, EtOH, IPA, MeOH, PG and TBA). Error
bars represent the mean SD for three biological repeats with two technical repeats per assay (n = 6).
Statistical analysis between solvent as the control and the other conditions was performed using One-
way ANOVA with Bonferroni’s multiple comparison test with *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001.

The combination of 1% Glr and 100 uM CaCl» rendered interesting results when compared to the
solvent control and the CaCl, formulation. ACN, MeOH, PG and TBA all resulted in a significant
decrease (P < 0.0001) in ICso (improved activity) against S. aureus, however, EtOH resulted in a
significant increase (P < 0.0001) in ICso (decrease in activity) followed by IPA, showing no

significant change in activity (P > 0.05). The improved activity observed for ACN, MeOH and TBA

3-19



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

may be the result of a complex association effect which is driven by Glr and Ca?*. This interaction
can potentially result in an interaction between Glr and the peptide, whereby Glr does not compete
for the target binding but rather binds to the peptide, as it has previously been shown that the Trcs
bind to sugar moieties — carbohydrates [39] (see section 3.4.5). This forces the peptide into an
alternative conformation state that may be stabilised by the high concentration of Ca**, and due to a
high concentration of Ca** within the target membrane, this peptide- Ca** stabilised conformation
may result in an alternative mode of action on the target membrane and cell. PG is observed to have
significantly improved activity for the 1% Glr + 100 uM CaCl; formulation. This may be due to the
structural nature of PG and Glr, in their similarities and competition with binding to the peptide.
However, without 1% Glr, PG in combination with 100 pM CaCl, does not improve activity but
rather decreases the formulation activity (increases ICsp). This may be related to the structure of PG
in which it may cause competition by either binding to the target or binding to the peptide. If binding
to the peptide, PG has an extra OH group present which may force the peptide into a very unstable or
unfavourable conformation for activity. Alternatively, as described earlier, as water is removed first
from the formulation, the high concentration of PG may act as a glue thereby “clumping/trapping”
the peptide oligomers, hindering the release of dimeric units when re-exposed to the microbial target.
However, when in combination with Glr, that effect may be counteracted or negated by the binding
of GIr to PG, potentially allowing for a more optimal peptide conformation state or more “free”
oligomers scaffolds which potentially allow the release of peptide dimeric units.

3.4.3.3 Influence of specific Trc formulation additives between solvents groups on activity against

S. aureus

Understanding the role and impact the solvent has on the peptide formulation is vital, due to the nature
of the solvent contributing to the stability and folding of the peptide which will dictate the structure
[57]. All six solvents were assessed within each formulation condition and compared based on
improving activity below the threshold selected to determine the most optimal solvent (Figure 3.9)
Comparing all six solvents (Figure 3.9), TBA and PG show the most significant influence towards
antimicrobial activity when compared against the other four solvents, with TBA improving activity
while PG decreased activity (Table S3.2: Solvent). When combined with 1% Glr with PG, TBA and
PG both showed a significant difference in antimicrobial activity when compared to the other four
solvents by improving the antimicrobial activity of the formulation showing the most ICso
improvement (Figure 3.9 B). For 5 uM ZnClz and 1% GIr + 5 uM ZnCl,, the addition of 5 uM ZnCl,
results in a higher degree of “scatter” and may be attributed to the interaction of zinc with the peptide

resulting in a non-optimal yet still active conformation of the peptide (Figure 3.9 C and D).
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Figure 3.9  The scatter plot represents the ICso values (ug/mL) (refer to Table 3.4A) obtained
when comparing the effect, the different solvents (ACN, EtOH, IPA, MeOH and TBA) towards the
specific Trc mix antimicrobial activity within the specific tested peptide formulation conditions. Error
bars represent the SD for two biological repeats with two technical repeats per assay (n =4). Statistical
analysis was performed using One-way ANOVA with Bonferroni’s multiple comparison test. Full
statistical analysis comparison can be found in the supplementary data, Table S3.2.

Furthermore, only the TBA and PG formulations with Glr and/or the chloride salts show a significant
improvement in activity compared to the other four solvents. PG significantly decreased the
antimicrobial activity when in combination with 100 uM ZnCl; and CaCl, with the other five solvents

having no significant difference between them (Figure 3.9 E and F). As elaborated in section 3.4.3.1
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and section 3.4.3.2, when PG is not in combination with Glr, there may be an antagonistic effect
towards the peptide which drives the peptide into undesirable conformations/structures for eliciting

activity, but when Glr is present the effect could be negated.

Assessing the solvent influence towards 1% Glr + 100 uM CaCl, formulation, the differences in
solvent influence can clearly be observed towards antimicrobial activity (Figure 3.9 G). The observed
differences in activity when comparing each solvent reveals PG>TBA>MeOH>ACN>IPA>EtOH,
with EtOH and IPA significantly decreasing activity (increased ICso), ACN and MeOH sharing a
similar ICso followed by TBA and PG significantly improving activity (decreased ICso) when being
compared (refer to Table S3.2 for statistical analysis). These observed differences may potentially be
attributed to the binding, association or competition between the peptide and the solvent, Glr or Ca**
which may influence the final peptide conformation/oligomerisation in being unfavourable, in the

case of EtOH and IPA, or very stable and favourable, TBA and PG, to illicit activity.

Table 3.4 Summary of the A: ICso and B: MIC values obtained for different Trc formulations
assessed against S. aureus with (n) representing the total number of technical repeats per condition
and SD representing the standard deviation within the assessed condition.

A: 1Csp = SD pg/mL (n)
1% Glr + 1% Glr +
S5uM 100uM 100uM
Solvent (9) 1% Glr (9) SuM 100 uM
ZnCl, (9) ZnCh (9) ZnCl, (6) CaCl» (6) CaCls (6)

ACN | 19+005 20£0.07 18+£0.07 20+0.12 18+0.15 1.8+0.07 1.5+0.06
EtOH | 1.7+0.06 1.8+0.07 1.7+£0.09 1.840.12 1.9+0.08 1.940.12  2.6+0.13
IPA 1.8+0.05 1.8+0.08 1.8¢0.12  2.0+0.11 1.940.09  2.1x0.20 1.9+0.10
MeOH | 1.8+0.05 1.8+0.06 1.8¢0.06  2.0+0.08 1.9£0.15 1.9+40.17  1.440.18
PG 2.5+0.22 0.8+0.08 1.6£0.14  0.9+0.09  5.6+0.48  4.0+0.49  0.8+0.05
TBA | 1.3+0.15 1.1+0.15 1.3+0.26 1.6+0.26 1.5+£0.26 1.7#0.25  0.7+0.11

B: MIC pg/mL (n)
1% Glr + 1% Glr +
Solvent (9) 1% Glr (9) , Ifc*ﬁvég) 5 uM er?gl';l(\g) legl%) 100 uM
ZnCl: (9) CaCls (6)
ACN 31 31 31 31 3.1 31 31
EtOH 3.1 3.1 3.1 3.1 3.1 3.1 3.1
IPA 6.3 3.1 3.1 3.1 6.2 6.2 3.1
MeOH | 3.1 3.1 3.1 3.1 3.1 3.1 3.1
PG 6.2 3.1 6.2 3.1 25.0 125 1.6
TBA 6.2 3.1 3.1 3.1 3.1 3.1 1.6
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3.4.4 Relationship of formulation ICsy with solvent dielectric constant and relative
Jormulation M,

The Trc formulations assessed towards L. monocytogenes and S. aureus revealed that the presence or
absence of Glr played a significant role towards the overall antimicrobial ability of the formulation.
To develop a functional and usable antimicrobial formulation, the solvent and Glr influence was
assessed via calculating the relative dielectric constant (¢) and relative molar mass (M) for all

formulations and comparing it to the antimicrobial ICso values (Figure 3.10).
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Figure 3.10 Comparative scatter plot of the influence of 1% Glr towards all the different Trc mix
formulation solvents (ACN, EtOH, MeOH, IPA, TBA and PG) and conditions (1% Glr, 5 uM ZnCl>,
1% GIr + 5 uM ZnClz, 100 pM ZnClz, 100 uM CaClz and 1% Glr + 100 uM CaClz) on Trc mix
antimicrobial ICso values towards L. monocytogenes (A and C) and S. aureus (B and D), versus the
dielectric constant and relative molecular weight of the formulations, respectively. Error bars
represent the SD (n =4-6). Refer to Table 3.1 for dielectric and relative M; values used in calculations.
Dotted line indicates arbitrary cut-off value from ICso (horizontal) and relative M, (vertical) by
inspection of all solvent formulations.
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The influence of the € and relative M, towards L. monocytogenes (Figure 3.10 A and C) shows that
formulations which contain 1% Glr, excluding 1% Glr + 100 uM CaCly, result in an increase in ICsg
as the € and M;increases until a breakpoint of around € = 68 and relative M; = 32 — 33 whereby the
ICso then sharply decreases until € = 72 and relative M; = 37. First, the high ICso values towards
L. monocytogenes may be due to these cells utilising Glr as a carbon source [46], as it has been shown
that when under stress L. monocytogenes will increase Glr uptake metabolism [46]. Second, Glr may
compete with the peptide for binding to the target or compete with the peptide in preventing dimer
formation, thus hindering, and influencing the peptide from going into the optimal conformation to
illicit activity or bind to the target cell. Furthermore, at € = 65 and relative M: = 32 -33, there is a
breakpoint in which the formulation can be improved or become more unstable resulting in either
improvement or loss of activity. As seen for the solvent and 5 uM ZnCl, as the € and M; increase,
there is a concomitant increase in the ICso, whereas when in combination with Glr, increasing the &
and relative M, the overall formulation is improved with the decreasing ICso. The relative M; findings
show that a balance is required between the peptide and additives that act as either crowding agents
or as conformation/oligomer stabilising factors. This would influence the ability of monomeric
peptide units to form active dimers, influencing activity, or preventing/stabilising the formation of
larger oligomeric structures. Previous research has shown that the addition of CaCl; results in the
Tres exhibiting an increased activity towards L. monocytogenes [54,55] and correlates with obtained
formulation results for 100 uM CaClz and 1% Glr + 100 uM CaCl; formulations seen in Figure 3.10
A and C resulting in lower ICs¢ values below the selected threshold. Therefore, it may be postulated
that the presence of Ca®* may stabilise the Trcs and overall promote an alternative mode of action

correlating to previously seen results [55].

Assessing the influence of € and relative formulation M, towards the activity of the Trc formulations
against S. aureus (Figure 3.10 B and D), it is evident that 1% Glr does not increase the ICso value
compared to those observed for Figure 3.10 A and C. This may be due to S. aureus not readily
metabolising GIr as a carbon source when under metabolic stress, that Glr does not influence or
compete with the peptide for the bacterial target or cause the peptide to go into a non-active
conformation. The 1% Glr formulations resulted in having € > 65 and the relative formulation
M; > 33 resulted in improved activity (lower ICsp). Furthermore, formulations containing 1% GlIr +
100 uM CaCly, had the most improved activity with the ICso values being slightly lower than 1% Glr
formulations and again having the € > 65. Interestingly, two active groupings can be observed when
assessing the relative M; of the formulation, with the majority of the formulations of M; 25 - 30 and
35 — 35 having similar ICso values, while formulations from M; 35 - 40 had a greater spread but better

ICso values and therefore activity.
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The above findings would suggest that the solvents and additives act as chaotropic agents towards
the peptide oligomeric units. The nature of the Trcs to form different dimeric units via hydrogen
bonding or the hydrophobic effect [48,49], would further suggest they can form larger oligomers.
These oligomers would have a hydrophobic core and a polar outer surface as the Trcs are amphipathic
in structure [48,49]. The defined relative M; range would suggest that the solvents and additives are
small enough to integrate and disrupt the hydrophobic core, destabilizing large oligomer formation,
but are not small enough to compete and disrupt the hydrogen bonds required for the active state of
the amphipathic peptide dimers. If the formulations’ relative M; is less than 33 there would be
potential competition and disruption of dimer hydrogen bonds. If greater than 44, there may be no

integration into the hydrophobic core resulting in higher oligomer units’ formation.

3.5 Conclusions

The influence of solvents and additives on the antimicrobial activity of the Trcs was determined
against L. monocytogenes and S. aureus. Peptide formulations containing 1% Glr significantly
increased the ICso value for all solvents except for PG towards L. monocytogenes. This could be due
to GlIr being taken up and metabolised by L. monocytogenes cells when under stress, which occurred
when exposed to the Trcs. PG, regardless of its chemical similarity to Glr, showed the inverse
influence on peptide activity, but surprisingly showed that it improved Trc mix activity when in
combination with Glr. This can be due to the interaction between PG and Glr, freeing the peptide to
orientate and form dimers needed for activity. The addition of 5 uM ZnCl did not enhance the activity
against L. monocytogenes, however, when the concentration was increased to 100 uM the activity
was enhanced. This may indicate that the higher Zn>* concentration stabilises the peptides’ higher
order structures or assist in binding to the target cell. The addition of 100 uM CacCl; correlated with
previously observed findings by Leussa [54] and Spathelf [55], with significantly improved activity
of the Trc formulations. Furthermore, the addition of 1% GlIr with CaCl; did not have the loss of
activity as those with the addition of 1% Glr alone. This may indicate that although Glr can be
metabolised by L. monocytogenes, there may be a very potent non-lytic mode of action induced by

the presence of Ca**, as proposed by Leussa [55].

Trc formulations tested against S. aureus did yield similar results to that of L. monocytogenes. The
addition of 1% Glr led to a maintained activity for ACN, EtOH, MeOH and IPA as organic modifiers.
Furthermore, the addition of 5 uM and 100 uM ZnCl; maintained the antimicrobial activity of the
Tres compared to the solvent control. This maintained activity indicates the S. aureus active moieties
of the peptides in these formulations are highly stable. The formulations with 100 uM CaCl; did not
enhance the antimicrobial activity of the Trc mix in any of the solvents. This indicates that Ca>* may
have a selective influence mode of action against L. monocytogenes but may rather act as a stabiliser
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for the peptide in solution with S. aureus as target. As observed with L. monocytogenes, PG
formulations significantly improved or enhanced activity in combination with 1% GIr but increased
the ICso with the other additives. TBA showed the most promise as a solvent, with maintained activity

in all conditions.

The 1% Glr + CaCl, TBA formulation of Trc mix had the highest activity against both S. aureus and
L. monocytogenes compared to the other formulations. This may be related to the chaotropic ability
of the solvent and additives being within the optimal relative formulation M; range of 33 - 44 The
1% GIr + CaCl, TBA formulations are small enough to integrate within the hydrophobic core,
destabilising and disrupting oligomeric formation, but not small enough to compete for hydrogen
bonds required by dimers for activity. Therefore, from this study, it is concluded that Trc mix in 1%
Glr + 100 uM CaCl; in TBA is the best formulation of the formulations tested and worthy of further

development.
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3.7 Supplementary Information

3.7.1 Summary of full statistical analysis against L. monocytogenes

Table S3.1

Summary of the statistical analysis between different Trc formulation solvent

conditions and the specific assessed additive towards L. monocytogenes. Statistical analysis was
performed using One-Way ANOVA (Bonferroni’s multiple comparison test). *P < 0.05, **P < 0.01,
*##% P <0.001, ¥*** P < (0.0001 and ns — not significant.

Solvent

EtOH IPA MeOH TBA PG
ACN ns ns ns ns loialo
EtOH ns ns ns loiato
IPA ns ns kK
MeOH ns kK

1% Glr

EtOH IPA MeOH TBA PG
ACN skskeskeok ns skskeskeok ke skeskeskosk
EtOH FkE A ns * ns
IPA kk ns skkok
MeOH ns ns
TBA ns

5 uM ZnCl,

EtOH IPA MeOH TBA PG
ACN skskek * skskek ns skeskeksk
EtOH ns ns ns loiato
IPA ns ns kK
MeOH ns kK

1% Glr + 5 uM ZnCl,

EtOH IPA MeOH TBA PG
EtOH Ak ns ns ns
IPA ns ol *
MeOH ns ns
TBA ns
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100 uM ZnCl,

EtOH IPA MeOH TBA PG
ACN ns ns ns ns ns
EtOH ns ns ns *
IPA ns ns ns
MeOH ns ns
TBA ns

100 uM CaCl»

EtOH IPA MeOH TBA PG
ACN ns ns ns ns ns
EtOH ns ns ns ns
IPA ns ns ns
MeOH ns ns
TBA ns

1% GIr + 100 uM CaCl,

EtOH IPA MeOH TBA PG
ACN ns ns ns wk wk
EtOH ns ns * *
IPA ns ns ns
MeOH ns *
TBA ns

3.7.2 Summary of full statistical analysis against S. aureus

Table S3.2  Summary of the statistical analysis between different Trc formulation solvent
conditions and the specific assessed additive towards S. aureus. Statistical analysis was performed
using One-Way ANOVA (Bonferroni’s multiple comparison test) .*P < 0.05, **P <0.01,
*#*% P <0.001, ¥*** P < (0.0001 and ns — not significant.

Solvent
EtOH IPA | MeOH TBA PG
ACN * ns ns deskeosksk dekeoskosk
EtOH ns ns ek ek
IPA ns dekeosksk dekesksk
MeOH dekesksk dekeoskosk
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1% Glr

EtOH | IPA | MeOH [ TBA | PG
EtOH ns ns skskeskok skskeskok
IPA ns skskoksk skekokosk
MCOH skeskokosk skeskokosk

5 uM ZnCl,

EtOH IPA MeOH TBA PG
ACN ns ns ns ol kK
EtOH ns ns kK ns
IPA ns loiato ns
MCOH skskoksk ke
TBA *

1% GIr + 5 uM ZnCl,

EtOH IPA ‘ MeOH TBA PG
ACN ns ns ns Hkk Hk kK
EtOH ns ns wE kK
IPA ns skskokosk skekekook
MCOH skkok skekoksk

100 uM ZnCl»

EtOH | IPA | MeOH | TBA PG
ACN ns ns ns ns kK
EtOH ns ns ns kK
IPA ns ns loioto
MeOH ns loiato

100 uM CaCl,

EtOH | IPA | MeOH [ TBA | PG
ACN ns ns ns ns loiolo
EtOH ns ns ns loiato
IPA ns ns kK
MeOH ns kK

1% GIr + 100 uM CaCl,

EtOH IPA MeOH TBA PG
ACN skskekek skskek ns skeskeksk skkoksk
MCOH skeskeksk skekeksk
TBA ns
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Chapter 4

Influence of formulations on fluorescence of the tyrocidines

4.1 Introduction

Previous studies conducted on the Trcs revealed that they are not only able to dimerize but also able
to further undergo extended oligomerisation via non-covalent polar and hydrophobic interactions [1-
5]. Unwanted oligomerisation, masking important groups that are needed for interaction with cellular
targets, would lead to steric hindrance and/or influences on peptide activity. Polar interactions would
entail hydrogen bonds in which the peptide backbone amides would participate, as well as the side
chains of Asn, Gln, Lys and Tyr. Other polar interactions would be dipolar and other electrostatic
interactions by the polar amino acid side chain groups, as well as dipolar and induced dipolar
interactions with aromatic side chains. The ability to participate in hydrophobic interactions can be
driven by the presence of three aromatic amino acids in the Trcs structure, namely Tyr, Trp and Phe,
as well as hydrophobic residues Val, Leu and Pro. Furthermore, the three aromatic amino acids are
intrinsic fluorophores [5-7], which can be used to track changes in aromatic interactions and the
overall influence on peptide oligomerisation. As a peptide mixture was used, it contains all six
analogues, meaning that Trp, Tyr and Phe residues are present. However, Trp was selected as the
major fluorophore to be followed in this study for the assessment of oligomerisation and self-
assembly states of the Trc mix peptide alone and in formulation. This is attributed to the high
sensitivity of Trp to its local environment and its solvatochromic character [7,8]. The fluorescence of
Trp exposed to a polar environment will be prone to quenching, as well as a red-shifted emission
maximum [7-9]. Alternatively, in a hydrophobic environment, the Trp fluorescence will typically be
enhanced with a blue-shifted emission maximum [7-9]. Additionally, if there is aromatic stacking this
would lead to a FRET (fluorescence resonance energy transfer) type response with fluorescence
quenching leading to an overall decrease in Trp intensity, while maintaining a blue-shifted emission
maximum. Furthermore, Trp can be quenched when externally adding quenchers or by nearby polar
groups within the protein [8]. Additionally, solvent polarity may have a significant effect on
fluorescence emission in which increased polarity will lead to an increase in expected quenching [8].
These observed changes to the Trp emission spectra often occur due to a response in conformational

changes, subunit association or denaturation in aqueous solutions [8,10].

For this study, the Trcs were formulated with either six solvent systems (ACN, TBA, EtOH, MeOH,
IPA and PG) alone or in combination with various additives (Glr, ZnCl, and CaCl,) with the aim of

improving bioactivity by influencing peptide stability. The Trc mix consists of six analogues that
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share a highly conserved sequence, with variation at position three and four (dipeptide unit) giving
rise to the different Trc analogues namely TrcA (L-Phe’-D-Phe?*), TrcB (L-Phe’-D-Trp*) and TrcC (L-
Trp-D-Trp*) [11]. Additionally, changes at position 9 from L-Orn’ to D-Lys® give rise to the three
other analogues: TrcAj, TrcB; and TrcCi. As it has previously been shown that the amino acids at
position three and four facilitate a large role in peptide oligomerisation, the focus and interest in the
Tres biophysical properties are reported in this chapter by investigating changes to the higher order

oligomerisation and self-assembly via fluorometric analysis of the Trp residues.

4.2 Materials

Tyrocidine mixture (Trc mix) was extracted from commercial tyrothricin and described in full detail
in Chapter 2. Tertiary butyl alcohol (TBA) and iso-propyl alcohol (IPA) were supplied by Sigma-
Aldrich (St. Louis, MA, USA). Analytical grade ethanol (EtOH, >99.8%) was supplied by Merck
(Darmstadt, Germany). Methanol (MeOH) and acetonitrile (ACN, HPLC-grade, far UV cut-off) were
provided by Romil Ltd. (Microsep, Johannesburg, South Africa). Analytical grade water (MQH20)
used for all peptide formulations was obtained by filtering water from a reverse osmosis purification
plant, through a Millipore-Q® water purification system (Milford, USA). The 96-well black flat
bottom plates were supplied by Thermo Fisher Scientific (Denmark). Calcium chloride (CaCl) and
zinc chloride (ZnCl») were supplied by Merck (Wadeville, Gauteng). Propylene-glycol (PG) was
gifted by Plascon® (Plascon, South Africa).

4.3 Methods

4.3.1 Fluorescence spectroscopy

Peptide formulations were prepared as previously described in Chapter 3 (refer to Table 3.2) to a final
solvent concentration of 10% (v/v) at two final analytical stock concentrations of 0.500 mg/mL and
0.100 mM for each of the six solvent systems: ACN, TBA, IPA, EtOH, MeOH and PG. The freshly
prepared 0.500 mg/mL Trc mix was then formulated separately with 1% glycerol (Glr), 5 uM ZnCl;
and 1% Glr in combination with 5.00 uM ZnCl>. The 0.100 mM Trc mix was formulated separately
with 100 uM ZnCl», 100 uM CaCl; and 1% Glr in combination with 100 uM CaCl; (refer to Chapter
3: Table 3.2 for all formulation conditions). Doubling dilutions were prepared for all peptide
formulations with 0.500 mg/mL in triplicate and 0.100 mM in duplicate in black 96-well microtiter
plates using filter sterilized MQH»0O. Fluorescence spectroscopy was performed using two different
instruments: Readings for 0.500 mg/mL formulations were performed on the Tecan Spark 10M
Multimode Microplate Reader and controlled by the Spark Control™ software provided by the Tecan
Group Ltd (Mennedorf, Switzerland), while 0.100 mM readings were obtained on the Varioskan

3.01.15 instrument and data was collected with the SkanIT software 2.4.3. For fluorescence studies
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on all formulations, excitation was at 280 nm and emission was recorded from 300 nm to 400 nm
with Varioskan (emission bandwidth set at 2 nm and gain machine set) and 320 nm to 400 nm for
Tecan Spark 10M Multimode Microplate Reader (with the emission bandwidth set at 10 nm with 10

flashes, gain 60). Results were analysed and represented using GraphPad Prism® V 5.0.

4.4 Results and Discussion

4.4.1 Fluorescence spectroscopy analysis of the Trc mix and peptide formulations

Before determining if formulating the Trcs with specific additives directly influence the peptides’
oligomerisation, the influence of the solvents alone on the Trc mix fluorescence was determined. It
is expected that increasing the peptide concentration from 3.125 pM Trc mix to 100 pM Trc mix,
would result in a linear increase in the peptides’ fluorescence quantum yield. However, only MeOH
and PG as peptide solvents led to a true linear trend when the linear fit to the data was compared with
a quadratic fit model (Figure 4.1 A) with this further elaborated on in Figure 4.3 and 4.4 later in the

chapter.

Although it is known that ACN is the most polar solvent that was tested, as expected the lower
alcohols would also result in Trp quenching due to their polar nature. Of the alcohols tested, MeOH
led to the highest quenching, followed by EtOH, IPA and then TBA (Figure 4.1 B). ACN and EtOH
showed a statistically similar response over the whole concentration range of Trc mix, while all the
solvents showed a statistically similar response at 3.125 pg/mL and 6.25 pg/mL Trc mix (refer to
supplementary data for statistical analyses). The Trc mix fluorescence differed for each of the solvent
groups at 12.5 pg/mL or 25 pug/mL and above, which correlates with the estimated critical micellular
concentration (CMC) of 15 uM and 24 uM for TrcA and TrcC, respectively [unpublished data from
BIOPEP Group], 23 uM for TrcB [12] and 18 uM for TpcC [13,14]. These results suggest that the
observed quenching can be attributed to the peptide conformation and oligomerisation in solution
(concentration dependent) above the specific CMC in the solvent. This oligomerisation would cause
the environment of Trp residue to be influenced by either aromatic stacking or the Trp being moved
into a hydrophobic pocket, resulting in less Trp-aromatic stacking induced FRET [8]. As previously
shown by Loll ez al. [15] and Munyuki et al. [16], the Trcs form higher order structures via hydrogen
bonding, aromatic stacking, or the hydrophobic effect [15,16]. Rautenbach er al. [13] showed the
oligomerisation of TpcC, a minor peptide in the Trc mix, is dependent on both hydrogen bonding and
aromatic stacking. Recently Kumar et al. [17] showed that the nanostructures formed by TpcC are
dependent on the ethanol concentration, correlating with Trp fluorescence in an atypical non-linear
trend. Due to this, the observed quenching can be attributed to the solvent system influencing the
formation of larger oligomers. The more polar solvents would support oligomerisation while the less
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polar solvents could be more effective in lowering the hydrophobic effect on the peptide that is
leading to larger structure formation at higher concentrations. Oligomerisation, supported by the
hydrophobic effect, could lead to the Trp residues undergoing aromatic stacking and subsequent
quenching [13,16]. If the Trp residues are placed in a hydrophobic solvent environment, for example

TBA, this would typically lead to an increase in fluorescence and quantum yield.

A 25000- o ACN B 13000-
Il ACN
-¢- MEOH 12000
11000- B TBA
__ 200001 — 10000 . J ETOH
) =) ] B MEOH
LL L 90001
c E ool T I IPA
© 150004 © ] PG
= © 70001 =
c c
3 8 6000 L
& 10000- 2 5000-
o o
S S 4000-
TR iC 3000
2000-
1000+
0 v T T T T 1 0- T —
0 20 40 60 80 100 50 pg/mL 25 pg/mL
[Trc mix] pg/mL [Trc mix]

Figure 4.1  Solvent-peptide comparison representing the total quantum yield as relative
fluorescence units (RFU) determined from the fluorescence spectra (refer to Supplementary data
Figure S4.1). In graph A, the peptide concentration trend for each solvent is shown with the best
linear fits shown as a dotted line and the best quadratic fit as a solid line. All model fits were compared
and only those statistically better are shown, with R?>0.995. Each data point is the average of six
determinations. In graph B, Trc mix alone at 25 uM and 50 pM in the final solvent concentration of
10% (v/v) are compared. Error bars represent the mean SD for three biological repeats with duplicate
technical repeats (n = 6).

The observed results may be more complex and can possibly be linked to the role of alcohol (OH)
groups and hydrophobic groups present in the solvent environment. The OH groups could form
hydrogen bonds with the peptide amide backbone and/or the polar amino acid side chains of Asn,
Gln, Lys and Tyr, thereby preventing inter-peptide hydrogen bonding. Furthermore, as the OH groups
would be able to form hydrogen bonds with the water molecules, this may result in a decrease in the
hydrophobic effect preventing the Trp residue from being placed in a hydrophobic peptide pocket,
which is possibly the case with the smallest alcohol, MeOH. On the other hand, the hydrophobic
groups in the higher alcohols could interact with Val, Leu, Pro and the aromatic amino acids. These
solvent interactions could lead to peptide units not associating into larger oligomeric structures and

prevent aromatic stacking leading to FRET by Trp, due to the long-range dipolar interaction [8,13].
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To further evaluate the influence of the formulations at 50 UM Trc mix, where overt oligomerisation
is expected, the total quantum yield for each formulation condition was determined and set relative
to the solvent (Figure 4.2). This allowed for the effect of the additive to be understood and possibly

determine the additive’s larger role on the Trc peptides.

The 50 uM peptide formulations in ACN revealed that additives such as 5 uM ZnCl», 1% Glr, 100 uM
CaCl; and 1% Glr + 5 uM ZnCl: result in dequenching (Figure 4.2 A). Alternatively, at a higher
ZnCl; concentration, slight quenching can be observed for the Trcs. For 100 uM CaCl; and 1% GlIr
+ 100 uM CaCly, the inverse is observed with the former dequenching the peptide while the latter
results in quenching. The quenching is a possible effect of 1% Glr interacting with both peptide and
water, as well as the availability of the hydroxyl groups for interaction. As discussed above, the
availability of hydroxyl groups within the solvent environment may contribute to preventing large
structure oligomerisation via hydrogen bonding or the lowering water activity and resulting
hydrophobic effect [13,14]. Therefore, if in ACN alone, the Trcs Trp underwent quenching, the
introduction of the OH groups by Glr would result in the inverse effect in which the peptide would
be prevented to undergo large structure formation or prevent aromatic stacking, thereby allowing the
Trp to be in a more “open” or favourable environment which does not influence the energy transfer

from the ground to excited state when Trp is excited.

Interestingly, 5 UM ZnCl> and 100 uM CaCl; result in dequenching of the Trp residue. This may be
attributed to the energy states within the Trp when it undergoes excitation. It is known that electron-
deficient groups may cause Trp quenching or influence the balance between the ground and excited
quantum yield energy states of the Trp fluorophore [8]. It can be observed that when 1% Glr is in
combination with either 5 uM or 100 uM ZnCl,, and CaCl: respectively, the overall relative RFU
quantum yield is lower/less than when not formulated together. This may be due to the combined
effect of each additive on the peptide. No change in relative RFU was observed for 100 uM ZnCl»
which may suggest that there may be a breakpoint in the additive concentration and the influence on

the peptide.
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Figure 4.2  Comparison of fluorescence in different formulations of 50 pg/mL Trc mix. The bar-
plot represents each Trc mix formulation (A: 1% Glr, 5 uM ZnCla, 1% Glr + 5 uM ZnCl. B: 100 uM
ZnClz, 100 uM CaClz and 1% Glr + 100 uM CaCl,) compared against the of solvent controls (ACN,
MeOH, EtOH, IPA, TBA, PG) to determine the influence the formulations have towards the peptides
expected fluorescence yield (provided as relative fluorescence shifts - % RFU), at a final Trc mix
concentration of 50 uM. Error bars represent the SD for six repeats (n = 6). Refer to Table S4.1 for
full statistical analysis.

Differentiating results are observed for TBA and EtOH (Figure 4.2) with regards to the quantum yield
of the Trc formulations within each Trc mix formulation at 50 uM compared to ACN findings.

Quenching is observed in both solvent conditions for all peptide formulations while 100 uM ZnCl,
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and 100 uM CaCl, showed no quenching and slight quenching respectively. The observed quenching
when 1% Glr is present may be attributed to the addition of more OH groups within the formulation
leading to more hydrogen bonding within the solution. This means hydrogen bonding could occur
between the solvent and Glr, competing with and removing hydrogen bonds that were possibly
present between the peptide and the solvent. This potentially could lead to more interactions between
peptide oligomers leading to large oligomeric structures being formed. The formation of these
structures may lead to aromatic stacking of the Trp residue leading to a loss in quantum yield of the
fluorophore. Additionally, collisional quenching may be due to interactions between the fluorophore
Trp and the additive/quencher leading to deactivation of the fluorophore when in contact with the
ionic molecule in solution. Furthermore, static quenching by complex formation leading to changes
in ground and excited state energy levels by potential ion-induced dipole interactions, dipole-dipole
interactions, or conformational changes in the fluorophore structure within the peptide or interactions

between the electron-deficient groups/ions may result in quenching of the Trp [8].

PG results shown in Figure 4.2 A (Trc mix at 50 uM) suggest that formulations result in peptide
fluorescence quenching for the tested conditions. Due to the similarities in structure and polarity
between PG and Glr, and the presence of the OH groups, there would now be a much larger
concentration of OH groups available to participate in hydrogen bonding with the solvent and/or
peptide, thereby increasing the amount of free water molecules in the solution. This will be more
pronounced in the solvent PG with 1% Glr than in ACN, EtOH, TBA, IPA and MeOH due to both
having similar properties which make them ideal as binding agents. This suggests that the solvent and
additive would interact more readily with each other, increasing the degree of hydrogen bonding
which would not limit the degree of oligomerisation. As there is now more water available, it would
drive the hydrophobic effect on the peptide, pushing aromatic stacking that will increase the

quenching.

Additionally, the fluorophore may not experience major hydrogen bonding with Glr, unlike in the
other formulations, due to a proposed preferential interaction with PG. As there was no shift in
maxima between the solvent and additive state (refer to supplementary data for shift maxima Table
S4.3), there is possibly no overt interaction between the additive or solvent with the fluorophore itself
and thus no stabilisation of the ground or excited state occurred [8]. The observed quenching for the
other four additives may be attributed to the role of the electron-deficient ions when they are
disassociated into their ionic species and may interact with the fluorophore, resulting in quenching
[8]. Additionally, the 1% Glr + 100 uM CaCl» did not show a similar result to that of 1% Glr + SuM

ZnCl> which may suggest that the number of ionic species within the solution contributes to a larger
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degree to quenching via interaction with the fluorophore and that there is no one isolated factor which

can directly be labelled as responsible for quenching or no quenching of a fluorophore.

To determine whether polarity or peptide concentration were responsible for major changes to the
peptide’s total quantum yield over a concertation range, the quadratic or linear regression fits were
done over the peptide’s concentration range against the total peptide quantum yield for all the peptide
formulations. Findings which resulted in a quadratic fit (P<0.05) over the concentration range would
indicate that the observed quenching or dequenching is due to the peptide concentration. However, a
linear regression fit (P>0.05) would suggest that there is a solvent or polarity effect on the peptides’
polar groups leading to the observed quenching or dequenching of the peptide’s quantum yield.
Furthermore, the role of the additivities in influencing the polarity or concentration effect would be
better understood to confirm the findings presented in Figure 4.2. Results presented in Figure 4.3 and
Figure 4.4 reveal that for the solvents ACN, EtOH and TBA there was a peptide concentration
influence (quadratic fit) whereas MeOH, IPA and PG had a polarity effect on the peptide fluorescence
character. Assessing the role of the additives within a specific solvent system, the effects differ
between the solvents and formulations. All three additive conditions shifted the fit from quadratic to
linear for ACN (Figure 4.3), indicating that the additives promote the peptide Trp to being exposed
to more of the polar environment by potentially decreasing the oligomerisation or aromatic stacking.
Furthermore, the combination of 1% GlIr + 5 uM ZnCl; seems to result in all conditions having a
linear fit which may indicate that under these additive conditions, the peptide fluorescence becomes
more concentration sensitive. This is observed for all the solvent conditions except for EtOH, which
may be due to the combination of the 1% Glr interacting with more water molecules decreasing the
hydrophobic effect, the salts being trapped by 1% Glr or the solvent preventing it from acting in a
chaotropic manner. When in combination with 1% Glr or 5 puM ZnCl, in MeOH, EtOH and TBA
(Figure 4.3), the peptide is influenced in a concentration-based manner rather than by polarity which
is most interesting for MeOH as it revealed dequenching when compared to the solvent control
(Figure 4.2) at a fixed concentration. However, over a concentration range, the peptide concentration

has a greater overall influence.
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Figure 4.3  Fluorescence trends of different formulations of Trc mix. The line plots of total Trp
fluorescence (300-400 nm emission) comparing the effect of the specifically tested peptide
formulation conditions (solvent, 1% Glr, 5 uM ZnCl>, 1% GlIr + 5 uM ZnCl») have towards the Trc
mix peptides over a concentration range from 3.125 pg/mL to 50 ug/mL within each solvent group.
Solvent systems assessed were A. ACN, B. MeOH, C. IPA, D. MeOH, E. TBA and F. PG with each
data point representing the average of six repeats with the standard error of the mean (SEM). The best
line fit was statistically selected via a comparative best fit model, and all shown fits have R?>0.998,
with solid lines showing a quadratic fit and dotted lines a linear fit as shown in the bar graph.

4-9



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

Investigating the influence when increasing the salt concentration from 5 uM to 100 uM is revealed

in Figure 4.4 for each of the solvents and formulations of the Trc peptides.
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Figure 4.4  Fluorescence trends of different formulations of Trc mix. The line plots of total Trp
fluorescence (300-400 nm emission) comparing the effect the specific tested peptide formulation
conditions (solvent, 100 uM ZnCl,, 100 uM CaCl, and 1% GIr + 100 uM CaCl,) have towards the
Trc mix peptides over a concentration range from 3.125 pg/mL to 50 pg/mL within each solvent
group. Solvent systems assessed were A. ACN, B. MeOH, C. EtOH, D. IPA, E. TBA and F. PG with
each data point representing the average of six repeats with the standard error of the mean (SEM).
The best line fit was selected statistically via a comparative best fit model and all shown fits have
R?>0.998, with solid lines showing a quadratic fit and dotted lines a linear fit, as shown in the bar
graph.
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It should firstly be noted that the concentration range for the Trc peptide is up to 100 uM which
results in IPA changing from a linear fit to a quadratic fit when comparing the results of Figure 4.3
to Figure 4.4. This suggests that when the peptide is made up in IPA, polarity has an important
oligomerisation role breakpoint of 50 uM but at higher concentrations, the solvent polarity cannot
influence or prevent the peptide oligomerisation. All solvent systems, with the addition of 100 uM
ZnCl; or 100 uM CaCl: result in a quadratic fit, except for PG which results in a linear fit for both
salts and ACN with CaCl,. For peptide in PG, it may be due to the extra OH groups which act like
that of Glr thereby decreasing the hydrophobic effect on the peptide preventing aromatic stacking or
higher order oligomerisation. For peptide in ACN, the 100 uM CaCl, may act as a chaotropic agent
thereby disrupting oligomerisation which results in more peptide Trp units being exposed to the polar
environment as ACN is the most polar solvent of those assessed. ACN, MeOH, EtOH and PG with
1% Glr + 100 uM CaCl; all result in a linear fit whereas IPA and TBA result in quadratic fits for this
formulation. This may be due to the presence of the 1% Glr and the OH groups which decrease the
hydrophobic effect, as mentioned earlier, whereas for IPA and TBA there may be a potential
interaction between the 1% Glr and the 100 uM CaCl,. This could decrease the amount of the
chaotropic effect on the peptide meaning more peptide units can oligomerise due to increasing the

peptide concentration.

4.5 Conclusion

The Trcs nature to form higher structures and the effect of local solvent and formulation environment
surrounding the peptide investigated in this chapter revealed a highly sensitive relationship that is
influenced by more than a single factor. The Trc solvent studies revealed a CMC of 12.5 pg/mL or
25 pg/mL and above for all solvent groups. These findings correlated to previously found results by
the BIOPEP group, thereby attributing the observed quenching to potentially be reliant on the peptide
conformation or oligomerisation in the solution above a certain CMC within the specific solvent
system. This suggests that oligomerisation may be influenced either by having more polar solvents
supporting higher order oligomerisation while less polar solvents may influence the hydrophobic

effect on the Trcs, driving Trp aromatic stacking and leading to quenching.

Investigation into the effect of the additives when in formulation with the Trcs revealed that 1% Glr
alone or in formulation with the four other additives had a lower relative RFU quantum yield. This
would suggest that 1% Glr introduces more OH groups which will lead to a higher amount of
hydrogen bonds within the solution. This may allow for more hydrogen bonding between the solvent
and Glr and less between the peptide and solvent, therefore driving more peptide interactions leading

to more oligomeric structure formation. Additionally, when not in formulation with 1% Glr, the
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observed quenching for the four additives may be linked to either the interaction between the
fluorophore and the electron-deficient ions, collisional quenching leading to deactivation of the
fluorophore or static quenching leading to changes in the fluorophore ground and excited states via
complex formation (dipole-dipole interactions, ion-induced dipole interaction or fluorophore

conformational changes within the peptide).

Linear and quadratic fits were performed to determine whether observed quenching occurred due as
a result of peptide concentration or the influence of solvent polarity in the peptide environment. With
ACN, EtOH and TBA quenching was due to a peptide concentration influence (quadratic fit) whereas
IPA, PG and MeOH had a polarity effect on the peptide (linear fit). Interestingly, 1% Glr + 5 uM
ZnCl; had a linear fit for all solvent conditions except that of EtOH suggesting that in EtOH the 1%
Glr is more prone to interacting with water molecules thereby decreasing the hydrophobic effect or
trapping the salts preventing them from acting in a chaotropic manner. Most notably, peptide quantum
yields showed a concentration influence (quadratic) for four of the six solvent systems and
formulations of 100 uM ZnCl,, CaClz and 1% Glr + salts while PG and ACN resulted in linear fits
for both salts and only 100 uM CaCla, respectively. The additional OH groups introduced by PG may
decrease the hydrophobic effect preventing aromatic stacking whereas for 100 uM CaCl; in ACN,
the salt may act in a chaotropic manner disrupting oligomerisation and exposing more Trp residues

to the polar environment.

The ability to follow biophysical changes of the Trcs by following Trp fluorescence revealed how
sensitive the Trcs are to their local aqueous environment. Moreover, the Trcs ability to be manipulated
by changing the solvent polarity or introducing additives resulted in observable changes to the
fluorescence profile of Trp that can be translated to changes in the peptide conformation and higher
order oligomers. These findings suggest that there is no single factor that may be solely responsible
for the final state of oligomerisation. However, these results promote the idea that the Trcs can be
manipulated to find the most optimal operational concentrations and conditions which limit peptide
aggregation but promote the formation of more favourable oligomers, which will be investigated in

Chapter 5, for optimal bioactivity.
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4.7 Supplementary Data
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Figure S4.1 Fluorescence emission spectra for the Trcs alone and in formulation with additives
(1% Glr, 5 uM ZnCl,, and 1% Glr + 5 uM ZnCl,) in the solvent environment: A: ACN, B: TBA, C:
EtOH, D: MeOH, E:PG and F: IPA. Solutions excitation was at 280 nm and scanned over an emission
range of 300nm — 450nm. The total fluorescence yield is provided as relative fluorescent units (RFU)
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Figure S4.2 Fluorescence emission spectra for the Trcs alone and in formulation with additives
(100 uM ZnCl,, 100 uM CaCl; and 1% Glr + CaCly) in the solvent environment: A: ACN, B: TBA,
C: EtOH, D: MeOH, E: IPA and F: PG. Excitation was at 280 nm and emission scanned over a range
of 300 nm — 450 nm. The total fluorescence yield is provided as relative fluorescent units (RFU).
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Table S4.1  Summary of the statistical analysis performed for Trc mix alone in each solvent system
(ACN, MeOH, EtOH, IPA, TBA and PG) and in different formulations (1% Glr, 5 uM ZnCl» and 1%
Glr +5 uM ZnCl,) at a fixed peptide concentration of 50 uM. Two-Way ANOV A statistical analysis
was performed (Bonferroni’s multiple comparison test). *P < 0.05, **P < 0.01, ***P < 0.001 and
*EEFP < 0.0001

ACN
1% GIr | 5 uM ZnCl, | 1% Glr +5 uM ZnCl,
Solvent Ns ns ns
1% Glr ns ns
5 uM ZnCl, ns
MeOH
1% GIr | 5 uM ZnCI2 | 1% Glr +5 uM ZnCl,
Solvent ns ns ns
1% Glr ns ns
5 uM ZnCl, ns
EtOH
1% GIr | 5 uM ZnCI2 | 1% Glr +5 uM ZnCl,
Solvent ns wk *
1% Glr ns ns
5 uM ZnCl, ns
IPA
1% GIr | 5 uM ZnCI2 | 1% Glr +5 uM ZnCl,
Solvent ns ns ns
1% Glr ns ns
5 uM ZnCl, ns
TBA
1% GIr | 5 uM ZnCI2 | 1% Glr +5 uM ZnCl,
Solvent * * ns
1% Glr ns ns
5 uM ZnCl, ns
PG
1% GIr | 5 uM ZnCI2 | 1% Glr +5 uM ZnCl,
Solvent * wk wk
1% Glr ns ns
5 uM ZnCl, ns
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Table S4.2  Summary of the statistical analysis performed for Trc mix alone in each solvent system
(ACN, MeOH, EtOH, IPA, TBA and PG) and in different formulations (100 uM ZnCl,, 100 uM
CaCl; and 1% Glr + 100 uM CaCl») at a fixed peptide concentration of 100 uM. Two-Way ANOVA
statistical analysis was performed (Bonferroni’s multiple comparison test). *P < 0.05, **P < 0.01,
*#*P < 0.001 and ****P < (0.0001

ACN
100 uM ZnCl, | 100 uM CaCl; | 1% Glr +100 uM CaCl,
Solvent ns ns ns
100 uM ZnCl, ns ns
100 uM CaCl, ns
MeOH
100 uM ZnCl, | 100 uM CaCl; | 1% GlIr +100 uM CaCl,
Solvent ns ns *
100 uM ZnCl ns ns
100 uM CaCl, ns
EtOH
100 uM ZnCl, | 100 uM CaCl; | 1% Glr +100 uM CaCl,
Solvent ns ns Hk A
100 uM ZnCl» ns Hk K
100 uM CaCl» ok
IPA
100 uM ZnCl, | 100 uM CaCl; | 1% Glr +100 uM CaCl,
Solvent ns ns ns
100 uM ZnCl ns ns
100 uM CaCl, ns
TBA
100 uM ZnCl, | 100 uM CaCl; | 1% GlIr +100 uM CaCl,
SOlvent kekskok skekskok kekskok
100 uM ZnCl» ns kAR
100 uM CaCl» Aok
PG
100 uM ZnCl, | 100 uM CaCl; | 1% Glr +100 uM CaCl,
SOlVent sskoskosk skskesksk skskesksk
100 uM ZnCl, ns ns
100 uM CaCl, ns
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Summary of the emission maxima of the Trc peptide alone or in formulations at 50
UM and 100 uM with the specific formulation additives (1% Glr, 5 uM ZnCl, 1% Glr + 5 uM ZnCl,,
100 uM ZnClz, 100 uM CaCl; and 1% Glr + 100 pM CaCl).

Maximum wavelength + SD

5uM 1% Glr + 5 1% Glr +

oty | oy | a0k |z | et | BOUN | N oo

(50pg/mL) | (50 ug/mL) CaCl
ACN 336 £2 338+ 1 338+ 1 3381 343+2 | 341 £1 | 341 £1 | 343+1
TBA 338 £ 1 338 +£0 338+ 1 338+ 1 339+2 | 339+£2 | 341 +£2 | 3411
EtOH 338 £ 1 338+ 1 338+ 0 338+ 1 343 +1 | 3411 | 343+1 | 3431
MeOH 338 +2 338+ 1 338+ 1 338+ 1 343 +1 | 343+£1 | 343+£1 | 343+1
IPA 338 +2 338+ 0 338+ 1 338+ 1 341 +1 | 341 £2 | 341 £2 | 343+ 1
PG 338+ 1 338+ 1 338 +2 3381 341 +1 | 341 £1 | 343+£1 | 341+2
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Chapter 5

Ion mobility mass spectrometry to assess to oligomerisation of the
tyrocidines in formulations

5.1 Introduction

Uncontrolled microbial surface contamination and spread of resistant pathogens have forced a
directional shift in importance to limit the use of antibiotics to the need for alternative, green and
effective surface antimicrobial control methods within the medical, industrial and food sectors [1-3].
Limitations of standard cleaning and disinfection methods have prompted interest in the incorporation
of antimicrobial peptides (AMPs) due to limited observed resistance, multiple modes of action and
the need for low effective concentrations [4-7]. A viable AMPs for surface formulations are the
tyrocidines (Trcs) [8-11], however, understanding the influence various solvents and formulations
have on the peptides’ higher order oligomerisation is critical for optimal incorporation and application
development. Previously conducted studies on the Trcs revealed that the peptide shows a strong
degree of aggregation within an aqueous solution with peptide association being larger in water and
lower in low dielectric constant solvent systems [12-16]. Furthermore, peptide aggregation is
influenced by both hydrophobic interactions within the aqueous environment and the amino acid
spatial alignment specifically the amino acid variations at position three and four [12-17,22-24].
These parameters directly influence the overall peptide secondary structure and the self-assembly of
the peptide units into various oligomeric structures [18-20,22]. Structural studies performed on TrcA
revealed that the peptide forms four B-sheet strands as an amphipathic dimer stabilised by four
intramolecular hydrogen bonds [19]. Furthermore, oligomer formation of TrcA [18], TrcB [17] and
TrcC [19,20] indicated that the B-sheet structures form dimeric units via hydrogen bonding and
hydrophobic interactions, further allowing for a scaffold effect that is capable of forming larger
peptide oligomeric aggregates. Studies conducted by the Masoudi et al. [21] have shown that peptide
aggregation can be influenced by various carbohydrate formulations which directly change the

manner of elicited activity by the Trcs towards their targets.

This chapter focuses on investigating the influence of various solvent systems and peptide
formulations on the Trcs and the impact on higher order oligomerisation. The three main Trc
analogues TrcA, TrcB/B’ and TrcC were assessed in six different solvent conditions (ACN, TBA,
EtOH, MeOH, IPA and PG) to determine the influence that solvent polarity has on the peptide
conformation by using the cross collational section (CCS) values obtained via ion mobility mass

spectrometry (IM-MS). Differences between the three assessed analogues, TrcA, TrcB and TrcC, lie
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within the aromatic amino acids at position three and four (TrcA: L-Phe3-D-Phe?;
TrcB/B’: L-Trp*-D-Phe* and TrcC: L-Trp®-D-Trp*) which have been shown to be important in
influencing peptide oligomerisation and activity [22-24]. Furthermore, the ionic species of
monomeric and dimeric peptide units were assessed in various peptide formulations (refer to Chapter
3, Table 3.1 for formulation compositions) to determine the impact of the formulations on stabilising
or preventing higher order oligomerisation. Therefore, the peptide oligomerisation profiles are of
interest as their understating will allow for more optimal development for peptide surface

formulations.

One technique to study oligomerisation is ion mobility (IM) linked to mass spectrometry (MS), both
of which are well-established analytical techniques. IM separates gas-phase ions based on the
compound’s mobility to move within a medium and is highly dependent on the shape and charge of
the ion [25-28]. MS is used to analyse gas-phase ions determining their mass-to-charge (m/z) ratio
[27,28], with both techniques being important for structural and biophysical studies [28]. Two types
of technologies can be used in IM-MS namely travelling wave ion mobility (TWIM-MS) and drift-
time ion mobility (DTIM-MS) (Figure 5.1). Briefly, DTIM-MS has the ions exposed to a drift gas
that migrate through the tube due to a static uniform electric field being applied to the ions (Figure
5.1A) whereas TWIM-MS is comprised of rings of stacked electrodes which has a travelling voltage
wave of positive and negative radio frequency applied to adjacent electrodes which result in the
attraction of the ions [26,27]. Therefore, the application of a pulsing direct current on each electrode
allows for the propulsion of the ions along the electrode [26,27]. Ion separation is achieved by altering
the pulse speed and charge extent to which more mobile ions move with the wave whereas lower
mobile ions roll through the wave increasing the time taken to move through the gas phase (Figure
5.1B) [27]. Both analytical techniques allow for the determination of the collisional cross-section
(CCS), however, ion drift times for DTIM-MS are dependent on the CCS [26,27]. CCS allows for the
determination of the compound structural information by giving an indication of the ion’s shape and
size which are specific to each ion [26,27]. DTIM-MS is able to determine CCS via direct calculation
from drift time, whereas TWIM-MS requires drift time calibration with compounds of similar CCS
values for CCS calculation [27]. Furthermore, if IM is linked to ESMS (IM-MS), this allows for
structural analysis to be performed specifically studies on the polar interactions (such as hydrogen
bonds and ionic interactions) due to ESMS removing the aqueous environment around the analyte
[29,30]. As IM-MS reveals stable non-covalent oligomers, it can be used to determine the
ionic/electrostatic contribution to the stability of various oligomers within each peptide formulation

and the influence of each formulation on peptide oligomerisation. This can be studied as previous
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studies conducted by Rautenbach ef al. [15], and Van Wyk [31] revealed highly stable oligomeric

structures are formed by the Trcs under IM-MS conditions.
A: DTIM-MS

Uniform electric field

v

Focusing rings\

« Drift gas
. o
o . Y
e ° . o
To Detector
Sample Ions
Drift region
B: TWIM-MS
Wave direction: Alternating electric field g
Focusing rings < Drift gas
. o)
o . Y — >
—p
*o° @ \o To Detector
Sample Ions 3
Drift region

Figure 5.1  Schematic representing the difference between DTIM-MS and TWIM-MS ion
mobility. Larger ions are represented in orange/red, medium ions in blue and small ions in green. A)
DTIM-MS, separation achieved by ions passing through the applied drift gas. Small ions are less
hindered whereas larger ions interact more with the gas thereby hindered more. B) TWIM-MS
separation is achieved via electrically charged rings applied with direct current (DC) allowing for ion
movement. Smaller ions have higher mobility due to rolling whereas larger ions have lower mobility
thereby taking longer. [Adapted from Lanucara et. al [27]]

5.2 Materials

Tyrocidine mixture (Trc mix) was extracted from commercial tyrothricin and described in full detail
in Chapter 2. Tertiary butyl alcohol (TBA) and iso-propyl alcohol (IPA) were supplied by Sigma-
Aldrich (St. Louis, MA, USA). Analytical grade ethanol (EtOH, >99.8%) was supplied by Merck
(Darmstadt, Germany). Methanol (MeOH) and acetonitrile (ACN, HPLC-grade, far UV cut-off) were
provided by Romil Ltd. (Microsep, Johannesburg, South Africa). Analytical grade water (MQH-O)

used for all peptide formulations was obtained by filtering water from a reverse osmosis purification
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plant, through a Millipore-Q® water purification system (Milford, USA). The 96-well black flat
bottom plates were supplied by Thermo Fisher Scientific (Denmark). Calcium chloride (CaClz) and
zinc chloride (ZnCl») were supplied by Merck (Wadeville, Gauteng). Propylene-glycol (PG) was
gifted by Plascon® (Plascon, South Africa).

5.3 Methods

5.3.1 Ion mobility mass spectrometric analysis

The peptide and peptide formulations were prepared to a final concentration of 0.100 mM and solvent
concentration of 10% water (v/v) and MQH>0 as described earlier. Samples were centrifuged at
3030xg for 10 minutes allowing for the removal of any insoluble particulate material. Sample quality
control and peptide analogue confirmation was done using high-resolution electrospray ionisation
mass spectrometry (HR-ESMS). HR-ESMS analysis was conducted using a Waters Synapt G2
quadrupole time of flight mass spectrometer (TOF-MS) with an electrospray ionisation source
(Milford, MA, USA). Samples were injected at 5 uL into the HR-ESMS system at a flow rate of 0.3
mL/minute, with the solvent system being 0.1% formic acid in 60% ACN in water (v/v). Set
parameters for the source temperature and cone voltage were 120 °C and 15V, respectively, with
nitrogen being the desolvation gas set at 650 L/hour with a desolvation temperature set to 275 °C.
Instrument mass calibration was set to 50 Da to 2000 Da using leucine-enkephalin single point-lock

spray (m/z = 556.2771).

To study peptide aggregation and higher order oligomeric structures, ion mobility mass spectrometry
linked to HR-ESMS (IM-MS) was used based on studies previously conducted by Rautenbach et. al.
[15,41]. IM-MS analysis was done by enabling the travelling wave ion mobility cell within the HR-
ESMS system. Parameters used for IM-MS detection were set to the following: Helium cell gas flow
set at 180 mL/min, extraction cone at 4V, cone gas flow 50 L/hr, trap collision energy at 15V, trap
gas flow to 0.40 mL/min, IM gas flow (N2) set to 90 mL/min, mobility trap and mobility extract
height set at 15V and OV respectively with the trapping release time at 200 us. Wave height ramp
time was set to linear, starting at 8 V to 20 V, and wave velocity ramp was set to linear starting at 100
m/s to 650 m/s at a 20% wave velocity ramp. Data was collected in positive mode and scanned over
an m/z range of 200-2100 at 0.200 scans per second. Poly-Alanine (Poly-A) was used as a calibration
standard to calibrate the IM-MS travelling wave mobility cell’s drift times. Data analysis was
performed using the Waters MassLynx V6.0 software (Milford, MA, USA) and Driftscope V2.9
software (Milford, MA, USA). Monomeric and dimeric percentage contribution in the peptide
formulations was determined by using the total signal for each molecular ion obtained from the IM-

MS profiles.
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5.3.2 Data analysis
All data analysis was performed using GraphPad Prism® V 6.0 and V 5.0 (San Diego, CA, USA).

Analysis of all mass spectrometric data was performed using Mass Lynx v4.1 and Driftscope 2.1
software (Waters, Milford, MA, USA). Calibration of the IM-MS travelling wave drift time, a
standard curve of poly-Alanine charge corrected CCS (In Q’) verse corrected drift times (In t’ p) on

the x-axis and plotted according to Ruotolo et al. [32] using the following equations 5.1 and 5.2:

, c m/z
tp = tD_[moo \

with ¢ = 1.4 (enhanced duty cycle (EDC) delay coefficient) which is the instrument dependent

Equation 5.1:

parameter [32,33], t p is the observed drift-time for poly-alanine.

Equation 5.2:

Q=

QO
1 1
zZ X \[M-l'm]

where z is the ion charge, € is the CCS value of poly-alanine ion obtained from literature [34], M is

the observed ion mass of the poly-alanine and m is the atomic mass of the N> gas (ion mobility drift

gas) [33].

A standard curve was plotted of In €’ against In t'p (Figure S5.1) and a linear equation,
InQ2’ = Aln t'p + InB, was extracted where the slope A represents the exponential proportion factor

and B is the fit-determined parameter.

The double correction for the poly-alanine ions drift time (t’p) using the exponential proportion factor

(A) was determined using the following equation [32]:

Equation 5.3:

n 1A 1 1
tD:tD Xz X M‘l'a

The CCS values of the Trc mix peptide complexes were calculated as described by Ruotolo et al. [32]
using the plotted poly-Alanine calibration curve (Figure S5.2) of t”p against the poly-alanine literature

CCS values [34].
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5.4 Results and Discussion

5.4.1 IM-MS monitoring of peptide oligomers in Trc mix formulations

The use of ion mobility coupled to high resolution (HR) ESMS allows for both the identification of
peptides and compounds and the identification of higher order structure formation (refer to Chapter
2, Figure 2.1). It has been observed by Munyuki et. al [19], the Rautenbach group [15,20,21,31,35]
and various other investigators [14,17] that the Trcs readily form higher order oligomers. Combining
HR-ESMS with ion mobility mass spectrometry (IM-MS), allow for the separation of peptide
oligomers with the same m/z values. However, the mixture of peptides in the Trc mix and the
propensity of these cyclodecapeptides to form dimers and oligomers lead to a complex m/z profile. A
selection of theoretical m/z values for the peptide homo- and heterodimers in the Trc mix are shown
in Table 5.1.

Table 5.1 Summary of the potential doubly charged dimers [2M+2H]** in Trc mix containing

the six major Trc analogues. Bold m/z values indicate overlap between doubly charged dimers
[2M+2H]** of the Trc analogues.

TrcA TrcA, TrcB TrcBi TrcC TrcCy
TrcA 1270.62
TrcAi 1277.67 1284.68
TrcB 1290.17 1297.18 1309.67
TrcBi 1297.18 1304.18 1316.68 1323.69
TrcC 1309.67 1316.68 1329.18 1336.19 1348.68
TrcCi 1316.68 1323.69 1336.19 1343.19 1355.69 1362.70

The singly charged monomers [M+H]" can share the same m/z values as the doubly charged dimers
[2M+2H]?*, but can be resolved using IM-MS. However, due to the overlap between certain m/z
doubly charged dimers, 11 heterodimers of the 22 possible homo- and heterodimers cannot be
differentiated from each other due to identical m/z values and conformational sizes which results in a
problematic identification of the Trc and their analogue within the dimer. Although IM-MS
theoretically could separate these dimers due to different conformations, the resolution of the
travelling wave IM-MS system used for these analyses was not adequate to allow full separation.
Therefore, all detected species of specific oligomers were grouped in the data analysis without
considering each analogue’s contribution. Plasticiser contamination from the micropipette tips was
observed in all tested samples, bis(2-ethylhexyl) phthalate, (observed m/z = 413.2647, theoretical m/z
=413.2662). However, as it was present in all samples virtually at the same intensity, it was therefore

assumed that did not have an influence or had a similar effect on the obtained results.
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IM-MS profiles in Figure 5.2 represent an example of oligomerisation analysis of Trc mix in 10%
ACN as the simplest type of formulation. Figure 5.2 A shows a 3D representation of the cation
intensity versus m/z and drift time of the different peptide oligomer and charged states in the sample.
The signal contribution of specific oligomers in the Trc mix sample in 10% ACN were obtained from
the peak area of each specified m/z range in the ion drift profile (Figure 5.2 B). The doubly charged
monomeric ions with m/z = 634.80-695.20 [M+2H]** (Figure 5.2 C) resulted in a drift peak = 3.66
and collisional cross section (CCS) of 388-400 A (refer to methods for calculation and Table S5.1 for
CCS A summary) correlating to the 399.1 A observed for TpcC [20]. The mass spectrum of the drift
peak at 3.66 (CCS at 388-400 A) revealed the doubly charged monomeric species of the six major
Trcs were present in the Trc mix (observed/expected): TrcA (634.8290/634.8273), TrcAi
(641.8298/641.8351), TrcB/B’ (654.3243/654.3328), TrcBi1/B1” (661.3414/661.3406), TrcC
(673.8303/673.8382) and TrcC; (680.8368/680.8460).

The singly charged monomers [M+H]* and doubly charged dimers [2M+2H]** (Figure 5.2 D) were
obtained by selecting for ions with m/z = 1270.50-1367.85, with ion peaks at 11.87 and 7.45 drift
time, respectively. The dimers had a collisional cross section (CCS) of 548-577 A and the monomers
356-381 A?, correlating to 522-571 A? and 366-379 A? observed for Trc dimers and monomers
respectively [31,35] (Tables S5.1 and S5.2). As the size of the dimers does not correlate to an expected
two-fold size increase of the monomeric species, it suggests that the observed dimeric species have
compact structures. These IM-MS stable dimer structures are probably maintained by electrostatic
interactions and/or hydrogen bonding, as hydrophobic interaction and weak Van der Walls forces are

limited in the high energy in vacuo IM-MS environment [29,30].

The MS spectra extracted from the drift peak at 11.87 of the singly charged monomers again revealed
six major analogues present within the Trc mix (observed/expected): TrcA (1269.6436/1269.6546),
TrcA; (1283.6613/1283.6703), TrcB/B’ (1308.6696/1308.6655), TrcB1/B1’ (1322.6779/1322.6812),
TrcC (1347.6764) and TrcC; (1361.6815/1361.6921). The spectra obtained for the doubly charged
homo- and heterodimers indicated the presence of the six major tyrocidine homodimers and
additionally, species of heterodimers. Identification of higher order oligomer ions such as tetramer
ions were identified at m/z = 1693.50-1802.00 with peaks identified at 7.66 drift time (Figure 5.2 E)
and hexamers were identified with m/z = 1905.30-2026.70 with a peak at 11.45 drift time (Figure 5.2
F). CCS values for the higher order oligomers were not determined due to low abundance and the
scope of this study primarily focussing on the formulations’ influence towards monomeric and

dimeric species as they have been shown to contribute the most towards the peptide’s active states.
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Figure 5.2  TWIM-MS positive ion drift profiles generated for the Trc mix with A: Drift scope
3D chromatogram with the x-axis showing the drift times (Bins), y-axis showing the total ion signal
count and the z-axis showing the m/z ratio. B: TWIM-MS separation 2D chromatogram of all ionic
species present within Trc mix (100 uM in 10% ACN) with C: doubly charged monomeric Trc mix
species [M+2H]**, D: doubly charged dimeric Trc mix ionic species [2M+2H]**, E: singly charged
monomeric ionic species [M+H]* and in E: and F: the higher order oligomeric ionic species
[nH+nM]*™ is shown. Each drift time chromatogram shows the searched ionic species m/z range used
for a specific monomeric/oligomeric specie. The ESMS spectra are those of the dimeric and
monomeric species shown with the correlating drift peaks in C and D.
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The role of solvent polarity alone towards the peptide was determined by assessing the influence of
the solvent towards the CCS values of the peptide in A2 (Table 5.2). Following the CCS values allow
for further understanding of the complex formation and peptide conformation and if solvent polarity
has a major effect on structure stabilization. It has previously been shown that the role of solvents as
a co-solvent directly influences the self-assembly of an amphiphilic peptide [36], by either enhancing
the hydrophobic interactions between assemblies or causing the hydrophobic cores to stabilize the
polar edges, improving the assembly kinetics [36]. As shown in Table 5.2, it is observed that changes
in peptide conformation can be seen between a relaxed (red) or compact (blue) state depending on
the peptide analogue and the solvent system the peptide is exposed to. Comparing the singly charged
monomeric species of TrcA, TrcB and TrcC, TrcA results in a more compact peptide structure (blue)
in IPA and TBA. However, the monomeric peptide conformation moves to a relaxed state in PG. For
all the solvents the doubly charged monomer is a more relaxed or extended conformation for TrcB
(except in ACN) and TrcC. In general, TrcB and TrcA as monomers, dimers and doubly charged
dimers showed the largest CCS values. Additionally, the doubly charged dimers show the largest
CCS(A?) error suggesting that peptide conformation is is depended on the peptide and solvent system.
If the peptide is more hydrophobic like TrcA the dimer state cannot reach a stable compact or relaxed
state in the more polar solvents such as ACN, MeOH, EtOH and TBA. TrcB is also more unstable in
ACN, TBA and EtOH. Conversely, if the peptide is more polar such as TrcC, the peptide is not well
stabilised in IPA and PG. This may be due to the availability of hydrogens to partake in hydrogen
bonding or the solvents influencing the behaviour and hydrophobic effect on the peptide towards its

optimal conformation.

Interestingly, a clear trend of conformational change is observed from TrcA to TrcC in which the
peptide moves from a compact conformation for the hydrophobic TrcA analogues whereas the peptide
is found to be in a more relaxed conformation for the polar TrcC analogues, with TrcB/B’ portraying
the average conformation behaviour of these two peptide analogues. The influence of the specific
solvents TBA, EtOH and MeOH seems to be more dominant in driving a more compact peptide
conformation of TrcA. Whereas, in TrcC, all solvents but ACN and TBA result in a more relaxed
structure. These differences in peptide conformation may be attributed to the amino acids present at
position three and four in the specific peptide analogues namely: TrcA having Phe-Phe*, TrcB with
Trp*-Phe* and TrcC having Trp-Trp*. Although the influence of the amino acid does not seem to
have as much of a major role on the monomeric peptide conformation, the amino acid role is
substantially more crucial in driving the peptide into a more relaxed or compact conformation in the
dimer conformations. This can potentially be explained by the finding of Loll et al. [18] in which it

was found that D-Phe* stabilises the strand-strand association within the monomer via hydrophobic
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interactions. As the aqueous environment contains a higher concentration of polar molecules, the
drive by the hydrophobic effect on the peptide will push the peptide into a more compact state which
would be further stabilized by the Phe*. However, in the presence of the Trp* this effect is less, which
may be attributed to the ability of Trp to form a hydrogen bond thereby allowing the side chain to
form a hydrogen bond with the solvent group or aqueous environment. This would “open” the peptide
and drive it into a different, more relaxed conformation as seen for TrcC. For TrcB, as it still contains
Phe?, the effect as described above would be expected, however, the higher polarity of the solvent
(ACN, TBA and EtOH) would influence the peptide in a much larger manner thereby negating the
stabilisation effect through the hydrophobic interactions of Phe*.

Table 5.2 Summary of determined CCS Q (10\2) values for Trc ionic species TrcA, TrcB/B’ and
TrcC in 10% (v/v) of the respective solvents (ACN, TBA, EtOH, MeOH, IPA and PG) from their
respective drift times and the control Poly-Alanine calibration linear curve (Figure S5.2) with [n]
representing the total number of technical repeats per sample and SE representing the standard error

within the assessed condition. In the heatmap, red indicates a more relaxed conformation and blue, a
more compact conformation of the peptide or its dimer (assessed per column).

TrcA CCS Q (A?) [3] TrcB/B’ CCS Q (A?) [3] TreC CCS Q (A?) [3]

Solvent

[M+H]*  [M+2H]* [2M+2H]* | [M+H]*  [M+2HP?* [2M+2HP | [M+H]*  [M+2H]*  [2M+2H]>*

ACN

558+2.2

EtOH

568+2.4

* Also includes the CCS values TrcA-TrcC dimers

Comparing each solvent’s total IM-MS signal for all formulations (Figure 5.3), formulations
containing 1% Glr resulted in significantly (P < 0.01, P < 0.001) higher total signal compared to
formulations without Glr, at the specific conditions (refer to Tables S5.3, S5.4 and S5.5 for full
statistical analysis) when compared to the solvent control. This is probably not a mass spectrometric
phenomenon but suggests that 1% Glr prevents the formation of higher oligomers and promotes
and/or stabilises monomeric and dimeric species, allowing the detection of these species. The lower
ion signal for formulations without Glr suggests a lower potential of additives to disrupt
oligomerisation by acting as chaotropic agents. In the case of the chloride salts as additives, one would
expect a decrease in the total signal because of the counter ion effect of the chloride ions [37,38].
However, this counter ion effect was minimal and probably neutralised by Glr in the formulation for

all the solvent systems except PG.
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Figure 5.3  Total TWIM-MS ionic signal for the monomeric and dimeric of the Trc mix in the
respective formulation conditions (1% Glr, 5 uM ZnCl,, 1% Glr + 5 uM ZnCl,, 100 uM ZnCl,, 100
uM CaCly and 1% GlIr + 100 uM CaCl,) at a fixed peptide concentration of 100 puM. Error bars
represent the standard error of mean (SEM) for three technical repeats (n = 3). Full statistical analysis
was performed compared against the solvent alone and reported in Table S5.3 and Table S5.4. na -
No TWIM-MS data was obtained for the peptide formulation condition.

No overt counter ion effect was observed at a low ZnCl> concentration. Interestingly, the signal
intensity of the Trc mix in 100 uM ZnCl> and 100 uM CaCl, was significantly higher than with the
solvent alone (except for PG). This is also a good indication that the metal salts promoted and
supported monomers and dimers in solution, leading to their higher concentration and detection. This
may be due to binding of metal salts to the peptides and/or a chaotropic effect, both of which would

limit oligomerisation and subsequent loss of signal.

To investigate the role and effect of oligomerisation, the percentage contribution of each monomeric
and dimeric peptide specie in the 100 uM Trc mix peptide formulation were determined from the
extracted ions peak and compared (Figure 5.4) in solvent alone and in formulation with glycerol (Glr)
and selected chloride salts (5 uM ZnClz, 1 % Glr + 5 uM ZnCl,, 100 uM ZnCl, 100 uM CaCl; and
1% Glr + 100 uM CaCly). It should be noted that the IM-MS profiles for the monomeric and dimeric
species are expressed as a percentage contribution to the total profile signal. From these analyses, we
confirmed that in all formulations containing 1% Glr, there is an increase in the percentage

contribution of doubly charged dimers with a loss in singly charged dimers when compared to the
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respective formulations without 1% Glr. This may indicate that the presence of Glr within the
formulation may stabilise hydrogen bonding/electrostatic and ionic interactions thereby decreasing

the release of monomeric species from the formulation.

Alternatively, Glr may compete for hydrogen bonds and water and limit the formation of larger
oligomers, allowing the formation of stable dimers. Furthermore, for all the 100 uM salt formulations
there was a significant increase (P < 0.05, P < 0.0001) in doubly charged monomers when compared
to the solvent control (refer to addendum Table S5.5 for detailed statistical analysis). This may
indicate the ability of the high salt concentration to disrupt hydrogen bonding and thereby oligomer
formation by acting as chaotropic agents or cause an induced conformational change of the peptide,
limiting the formation of dimers. The contribution of singly charged monomers remains relatively
constant for all the peptide formulations except for those with the 100 uM salt in the formulation,
namely: ACN, TBA, EtOH and IPA. For these formulations, there were a significant decrease (ACN
P <0.001, TBA P < 0.01, EtOH P < 0.01 and IPA P < 0.0001) in singly charged monomers leading
to the increase in doubly charged monomers. This suggests that the peptide seed structures may
readily interact with these singly charged monomers and incorporate them into larger oligomeric
structures. If these singly charged monomeric species are released from larger oligomers, they would
be released as singly charged monomers, increasing their presence in solution. Furthermore, the
formulation with 1% Glr and 100 uM CaCl, with all solvents, except PG, again resulted in the
increased contribution of doubly charged dimers and singly charged monomers, while doubly charged
monomers decreased, (Figure 5.4 A-E). This further illustrated the nature of Glr to promote dimer
formation by modulating the contribution of the hydrogen bonds and electrostatic interactions in the

formulation.

Interestingly, when investigating all the formulations, it was observed that all formulations containing
100 uM CaCl; resulted in a large, detected ion peak at a drift time of 2.09. However, for Trc
formulations in solvent alone, 1% Glr or 100 uM ZnClz, a small peak was observed at a similar drift
time of 2.09 (refer to Figure 5.5 and Figure 5.6). However, the observed peak in Figure 5.5 differs
from the observed peak at 2.09 in Figure 5.6. The observed peak in Figure 5.5 may potentially be
either contaminants, fragmented peptide moieties or peptide-iron complexes due to residual iron
possibly being present within the salt stock used. Whereas the peak in Figure 5.6 suggests the

potential formation of triply charged peptide- Ca>* complexes [M+Ca+H]>".
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Figure 5.4  Bar plot representing the percentage contribution of the positive Trc peptide ions alone
and in formulation with 1% Glr, 5 uM ZnClz, 1% GlIr + 5 puM ZnCly, 100 uM ZnCl,, 100 uM CaCl,
and 1% GlIr + 100 pM CaCl; in the respective solvent systems (A: ACN, B: TBA, C: EtOH, D:
MeOH, E: IPA and F: PG) at a fixed peptide concentration of 100 uM Trc mix. Error bars represent
the standard error of the mean for three technical repeats per sample (n = 3). Statistical analysis
comparison can be found in Table S5.5 in the supplementary data.
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As described by Loll et.al. [18] and Munyuki et.al. [19], the Trcs form amphipathic B-sheets dimers
with four intramolecular hydrogen bonds that are used in stabilising the peptide structure.
Additionally, the B-turns that are formed at the tight turns within the peptide due to the antiparallel -
sheet may provide anchoring for the metal ion, as was found for iturin A> [39]. However, as Ca’* only
observed to form the triply charged peptide-Ca** complex and not Zn**, this would suggest that the
atomic radius of the metal has an important role. As the nature of IM-MS is harsh, any observed
conformation or complex would be highly stable to survive the conditions. Ca** has an atomic radius
of 1.80 A whereas Zn?* has a smaller more compact atomic radius of 1.42 A [40]. Previous work
conducted by the BIOPEP group has shown that other metals such as Mg>* (1.45 A), Ca®* (1.80 A)
and Fe?* (1.56 A) form metal complexes with the peptides in the Trc mix [unpublished results, C de
Villiers]. This would suggest that the pocket within the peptide requires an optimal specific size (1.45
A —1.80 A) to form a highly stable complex, with Zn>* being just too small and would therefore not
allow for a stable interaction or passing through the pocket. Conversely, Ca?* and larger atomic radius
metal ions, such as Fe* can sit in the pocket and form a stable triply charged complex that can survive
the harsh IM-MS conditions, and these may be stabilised by electrostatic interactions (coordination
bonds) with the carbonyl groups present in the B-turn and the nearby carbonyl groups of the Asn and

Gln side chains [18,19].
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Figure 5.5  IM-MS of 100 uM Trc mix in 10% acetonitrile. Drift scope 3D chromatogram with
the x-axis showing drift times (Bins), y-axis showing the total signal count and the z-axis showing
the m/z ratio. A. 10 % ACN solvent only formulation; B. Ion profile for Trc mix formulation; C. 3D
Profile of 100 uM Trc mix formulation with retention time on the x-axis, m/z on the y-axis and signal
intensity (counts) on the z-axis.
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Figure 5.6  IM-MS of 100 uM Trc mix in 10% acetonitrile. Drift scope 3D chromatogram with
the x-axis showing drift times (Bins), y-axis showing the total signal count and the z-axis showing
the m/z ratio. A, 100 uM CaCl; formulation; B. Ion profile for Trc mix formulation; C. 3D Profile of
100 uM Trc mix formulation with retention time on the x-axis, m/z on the y-axis and signal intensity
(counts) on the z-axis.

It can be hypothesised that a finite size of the metal ion is required to form a specific complex with
the Trcs. This could explain the decrease of singly charged monomers as observed in Figure 5.4 as
these peptide species would be taken up in complex formation. Furthermore, the presence of the
peptide-Ca®* complexes may contribute to preventing the formation of higher order oligomers and
result in the improved antimicrobial activity that was observed for this formulation in Chapter 3, when
tested against L. monocytogenes and S. aureus. Improved activity may be attributed to the
incorporation of Ca** potentially masking the peptide or allowing the peptide to be placed in a more
optimal conformation which would allow for the uptake of the Trcs-Ca** complex by the target,

allowing the peptide to illicit its activity from within the target cell.

5.5 Conclusion

The determination of CCS values and peptide oligomer contribution showed a clear difference in the
effect of the solvent system tested and the overall effect towards higher order structure formation
when in combination with the additive. Polarity results for the solvent alone revealed that the peptide
analogues shift from a compact conformation to a more relaxed conformation with an increase in the
CCS values from the more hydrophobic TrcA analogue to the polar TrcC analogue, with TrcB having

the average behaviour of both. This difference in peptide analogue polarity can be attributed to the
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amino acids present at position three and four with TrcA having Phe at both positions whereas TrcC

has Trp.

The 1% Glr resulted in a significant influence of the total ion signal, specifically an increase in doubly
charged dimers for all formulations suggesting that formulations that contain 1% GlIr prevent the
formation of higher order oligomers thereby allowing for less release of monomeric species and the
stabilization of dimeric species via hydrogen bonds/electrostatic interactions. Furthermore, high
metal salt concentrations of 100 uM ZnCl, and 100 uM CaCl, may support the formation of
monomers and dimers in solution due to the binding of metal salts or the ability of the meal salts to
act as chaotropic agents thereby disrupting higher order oligomerisation. However, results showed
that only Ca** resulted in a metal-peptide complex confirming the ability of the metals to prevent
higher order oligomerisation by preventing the stacking of the peptide oligomers onto each other.
This would facilitate a higher availability of the more active peptide moieties to associate on the

surface for activity.

These findings show that the Trcs peptide is highly influenced by the peptide’s aromatic
characteristic, solvent polarity, and formulation additives, all possibly impacting the ability of the
peptide to form various higher order oligomeric structures. Additionally, as peptide oligomerisation
influences the antimicrobial ability of the Trcs (Chapter 3), these results further illustrate how these
higher orders structures can be manipulated to result in the formation of more desirable peptide

structures for better antimicrobial activity.
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5.7 Supplementary Data
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Figure S5.1 A standard linear curve of the corrected In CCS Q area against the corrected drift time
(Int’p) values for Poly-Alanine, from which the gradient (exponential proportion factor) and fit-
determined constant were elucidated. The linear equation along with the correlation coefficient (R?)
are displayed. The dotted lines seen represent the 95% confidence of the linear plot.
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Figure S5.2 Constructed linear calibration plot using known Poly-Alanine CCS Q values from
literature plotted against the doubly corrected drift time (t"p) of Poly-Alanine molecular ions obtained
from TWIM-MS analysis. The determined linear equation and the correlation coefficient (R?) are
shown in the top left of the plot along with the dotted lines indicating the 95% confidence interval.
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Table S5.1  Summary of determined average CCS Q (A?) values for Trc ionic species in 10% ACN
from their respective drift times and the control Poly-Alanine calibration linear curve (Figure S5.2).

Trc analogue Amino aCif ces @ @)
sequence [M+H]* [M+2H > [2M+2H]**
TrcA ( fPFf%gls‘;;/OL) 356 390 549
TrcB/B' (fpwfggg'vom 363 389 557
TreC (fPWvSI}\IIg(;VOL) 367 393 565
TpcC (fPWVSIXI‘é‘;EVKL) 372 394 569
TrcA, ( fPFf%gl%KL) 356 388 548
TrcB1/B' (fPWf?I\}IICC;)(_VKL) 363 394 561
TreC, ( fpwﬁ\y}gavom 369 400 577
TpcCi ( fPWngg%,VKL) 381 394 552

Table S5.2  Summary of determined average CCS Q (A?) values for Trc ionic species TrcA,
Trc/B’B and TrcC in 10% of the respective solvent (ACN, TBA, EtOH, MeOH, IPA and PG) from

their respective drift times and the control Poly-Alanine calibration linear curve (Figure S5.2).

Solvent Trc Mix Average CCS Q (A?)
[M+H]* [M+2H]** [2M+2H]*

ACN 363 392 559
TBA 362 392 561
EtOH 362 392 558
MeOH 363 392 558
IPA 362 392 558
PG 363 392 558
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Table S5.3  Summary of the statistical analysis comparing the total ion signal for the respective
tested additives (1% Glr, 5 uM ZnCl», 1% Glr + 5 uM ZnCl», 100 uM ZnCl», 100 uM CaClz and 1%
Glr + 100 uM CaCl,) compared against each other within the specific solvent system (ACN, TBA,
EtOH, PG, MeOH and IPA) at a fixed Trc Mix concentration of 100 uM (Figure 5.3). Statistical
analysis as performed using Ordinary One-Way ANOVA (Bonferroni’s multiple comparison test).
*P < 0.05, **P < 0.01, **¥*P < 0.001, ****P < 0.0001.* correlates to solvent compared,” ns — not
significant and nd — not determined.

Additive
A ACN
Tre Mix 5uM 1% Glr + 100 uM 100 uM 1% Glr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CaCl,
1% Glr Hk ns ns ns ns
5 uM ZnCl, HAAE ns ns HkE
1% Glr + 5 uM ZnCl, HoAk *ok ns
100 pM ZnCl, ns *
100 uM CaCl, ns
TBA Additive
B Tre Mix 5uM 1% Glr + 100 uM 100 uM 1% Glr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CacCl,
1% Glr ND ns ns * ns
5 uM ZnCl, ND ND ND ND
1% GIr + 5 uM ZnCl, ns * ns
100 uM ZnCl, ns *
100 uM CaCl HokE
EtOH Additive
C Tre Mix 5uM 1% Glr + 100 uM 100 uM 1% Glr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CaCl,
1% Glr ok ns ns ns ns
5 “M ZnC12 skskoskosk ns % skskok
1% Glr + 5 uM ZnCl, ns ns ns
100 uM ZnCl, ns ns
100 uM CaCl» ns
PG Additive
D Tre Mix S5uM 1% Glr + 100 uM 100 uM 1% Glr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CacCl,
1% Glr ns ns ns ns ns
5 uM ZnCl, ns ns ns ns
1% GIr + 5 uyM ZnCl, ns ns ns
100 uM ZnCl, ns ns
100 uM CaCl, ns
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MeOH Additive
E Trc Mix 5uM 1% GIr + 100 uM 100 uM 1% GIr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CaCl,
1% GlIr Hk ns ns ns ns
5 uM ZnCl, HkE ns * ns
1% GIr + 5 uM ZnCl, * ns ns
100 uM ZnCl, ns ns
100 uM Ca(Cl, ns
IPA Additive
F Tre Mix 5uM 1% Glr + 100 uM 100 uM 1% Glr +
ZnCl, 5 uM ZnCl, ZnCl, CaCl, 100 uM CacCl,
1% Glr H Ak ns ns ns ns
5 l“lM ZnC12 kskok * sk skskskosk
1% Glr + 5 uM ZnCl, ns ns ns
100 uM ZnCl, ns ns
100 uM CacCl, ns

Table S5.4  Summary of the statistical analysis comparing the total ion signal for the respective
tested solvent system alone (ACN, TBA, EtOH, PG, MeOH and IPA) against each tested peptide
formulation (1% Glr, 5 uM ZnClz, 1% Glr + 5 uM ZnClz, 100 uM ZnCl», 100 uM CaClz and 1% GlIr
+ 100 uM CaCl,) at a fixed Trc Mix concentration of 100 uM (Figure 5.3). Statistical analysis as
performed using Ordinary One-Way ANOVA (Bonferroni’s multiple comparison test). *P < 0.05,
##P < 0.01, *#*P < 0.001, **¥**P < 0.0001.% correlates to solvent compared,® ns — not significant and
nd — not determined.

Solvent ? versus specific additive

Solvent 1% Glr +
1% Glr + 100 uM 100 uM
control 1% Glr 5 uM ZnCl, 5 uM ZnCl anlz Caéllz lg(; (;,:lll:/I
A(:Na kk ns skeskokosk ns ns skskek
TBA® ok ok nd *ok ns ns HokAE
EtOH ? ns ns ** ns ns ns
PG? ns ns ns ns ns ns
MeOH *° H* ns Hk ns * ns
IPA ab skekook ns kk ns kk skskeskeok
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Summary of the statistical analysis performed for each percentage contribution of the

positive Trc peptide ions alone in each solvent systems (A: ACN, B: TBA, C: EtOH, D: PG, E: IPA
and F: MeOH) against each Trc formulation at a fixed peptide concentration of 100 uM found in
Figure 5.4. Ordinary One-Way ANOVA statistical analysis was performed (Bonferroni’s multiple
comparison test). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns — not significant and ND

—not determined.

A: ACN Formulations
1 % Glr + 1% Glr +
Ionic Species 1% Glr élil(ll\l/l 5uM 100 uM ZnClz lg(;glM 100 uM
g ZnCl, g CaCl,
[M+2H]2+ skesksksk ns skkeoskosk skskoskosk skeskesksk ns
[2M+2H]2+ skeskesksk ns skkeoskosk sksksk skeskesksk ns
[M+H]* ns ns ns ns dokk ns
B: TBA Formulations
1 % GIr + 1% Glr +
Ionic Species 1% Glr ;ﬁé\f 5uM 100 uM ZnClz lggglM 100 uM
§ ZnCl, § CaCl,
[M+2H]2+ sk ND skesksk skskosksk skeskesksk ns
[2M+2H]** * ND Hk Hk Hkokok ns
[M+H]* ns ND ns ns wx ns
C: EtOH Formulations
1 % Glr + 1% Glr +
Tonic Species 1% Glr ; Ifé\f 5uM 100 uM ZnCl, 1825‘11\4 100 uM
§ ZnCl, g CaCl,
[M+2H]2+ ns ns * skskoskosk skeskesksk sk
[2M+2H]* ns ns * Hk kol ns
[M+H]* ns ns ns ns wk ns
D: PG Formulations
1 % Glr + 1% Glr +
Tonic Species 1% Glr ; Ifé\f 5uM 100 uM ZnCl, 1825‘11\4 100 uM
g ZnCl, g CaCl,
[M+2H]** ns ns ns * ool Hk
[2M+2H]* ns ns ns ns ns ns
[M+H]* ns ns ns ns ns ns
E: IPA Formulations
1 % Glr + 1% Glr +
Tonic Species 1% Glr ; Ii‘é\f 5uM 100 uM ZnCl, 12281M 100 uM
> ZnCl, ’ CaCl,
[M+2H]2+ skeskesksk ns skesksk skskoskosk skeskesksk *
[2M+2H]2+ sk ns sk skeskeksk skeskekek ns
[M+H]* ns ns ns wx HoAAE ns
F: MeOH Formulations
1 % Glr 1% Glr +
Tonic Species 1% Glr ; Ii‘cl\f +5uM 100 uM ZnCl lggé‘lM 100 uM
g ZnCl, g CaCly
[M+2H]** *% ns *% $okokok $okokok *ok
[2M+2H]** * ns * * wk ns
[M+H]* ns ns ns ns ns ns
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Chapter 6
Summative conclusions and future studies

6.1 Introduction

The main aim of this study was to develop and assess various solvents and additives in formulation
with the tyrocidines (Trcs), in developing an optimal antimicrobial solid surface Trc formulation(s).
To achieve this aim, Trcs were purified from a commercial Trc mix and compared against a Trcs
producer profile from Brevibacillus parabrevis ATCC 10068. Thereafter, the antimicrobial activity
of the Trc mix formulations, using six solvents and six different additive combinations, were
evaluated against the Gram-positive pathogens, Listeria monocytogenes and Staphylococcus aureus,
to find the optimal formulation(s) that can be used on surfaces. Subsequently, the influence of the
various formulations on the biophysical properties of the Trcs was investigated to elucidate if there
are structural (conformational) changes of the peptides in the Trc mix and if this can be linked to the

anti-bacterial activity.

6.2 Conclusion of experimental results

6.2.1 Bacterial production, isolation, and characterisation of cyclodecapetides from
tyrothricin

The aim of Chapter 2 was to identify the variability between the various peptide analogues produced
by three different Brevibacillus parabrevis producer strains using HR-ESMS, after which the purified
commercial Trc analogue profile would be compared to the selected producer strains. Three producer
strains: ATCC 10068, DSMZ 5618 and ATCC 8185 were analysed and the variability in TrcA, TrcB
TrcC and VGA production were compared. ATCC 10068 resulted in fluctuations between TrcA and
TrcB but was limited to low amounts of TrcC, correlating to findings by Vosloo et. al [1,2].
Interestingly, extracts containing low to a limited amount of TrcC resulted in low amounts of VGA,
therefore, suggesting that for ATCC 10068 there is a decreased availability of Trp for the tyrocidine
synthetase complex for these two Trp-rich peptides. DSMZ 5618 resulted in equal amounts of the
TrcA and TrcC analogues with the dominant analogue being TrcB, correlating to findings by Bas
Vogt. et al. [3]. Furthermore, as with ATCC 10068, a correlation between amounts of TrcC
production and VGA production was observed in DSMZ 5618. This suggests that although DSMZ
5618 is an analogous strain of ATCC 10068, the producer has eliminated the competition between
the tyrocidine synthetase and the gramicidin synthetase complex by having an alternative Trp source
other than the media Trp. Lastly, ATCC 8185 resulted in TrcA being produced at higher amounts

followed by TrcB when compared to ATCC 10068, however, the amount of TrcC and VGA is
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considerably lower than those in ATCC 10068 and DSMZ 5618. As suggested with ATCC 10068,
the producer favours the uptake of Phe but due to the limited uptake of Trp, competition between the
more favoured tyrocidine synthetase and gramicidin synthetase occurs leading to lower amounts of
VGA. Therefore, the specific Trcs and Grms synthetases are both influenced by the availability of
specific aromatic amino acid, Phe or Trp, with variation in analogue production being influenced by
the incorporation at position three and four of the dipeptide unit for the Trcs. Cellular demand of a
specific amino acid may result in de novo synthesis via the shikimate pathway, in which the synthesis
of Phe from Trp or Trp from Phe can occur [20]. If Trp is limited within the media, the producer may
initiate de novo synthesis via the shikimate pathway increasing Trp availability leading to a higher
amount of TrcC and linear Grms production [2,4]. However, if Trp is not limited but the demand for
Phe is increased, the producer can utilise the same de novo synthesis for Phe production, limiting the
Trp required by the gramicidin synthetase pathway leading to decreased amount of TrcC and linear

Grms but an increased amount of TrcA and TrcB.

Development of Trc formulations for bioactivity and biophysical analysis requires a pure extract
(<95%) of the commercial Trc mix. The pure commercial peptide resulted in a purity of 98.6% with
UPLC-MS analysis of the pure tyrocidine extract revealing all six major analogues with the
percentage abundance order being TrcB > TrcA > TrcC > TrcB1 > TrcA1 > TrcC correlating with
previously obtained results [S]. The in-house production using ATCC 10068 yielded a production
profile correlating to previous findings with TrcA > TrcB> TrcC > TrcB1 > TrcA; > TreCi [1,2].

6.2.2 Biological activity of tyrocidines and formulations

The aim of Chapter 3 was to assess the influence of six solvents in combination with varying ratios
of different formulants on the antimicrobial activity of the Trc mix towards L. monocytogenes and
S. aureus utilising a modified high throughput method [6]. Additionally, as the Trcs have been shown
to readily form dimers and higher order structures [7,8], assessing how different solvents and varying
additives affect this, is required for optimal formulation development, specifically for surface

treatments.

6.2.2.1 Bioactivity towards L. monocytogenes and S. aureus

The tested antimicrobial activity against L. monocytogenes and S. aureus of the Trc mix 1:20 ratio
formulations (solvent, 1% Glr, 5 uM ZnCl: and 1% GIr + 5 uM ZnCl>) within each solvent group
revealed that the formulation conditions containing 1% Glr resulted in significantly higher ICso values
when compared to formulations without 1% Glr. This observed increase in the presence of 1% Glr
may be due to the polar nature of Glr, and the ability of it to interact with the polar region of the

peptide. This may result in steric hindrance or the reduction of the hydrophobic effect required by the
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peptide for higher order structure formation. Additionally, in the case of L. monocytogenes, the 1%
Glr formulations had the most influence on the overall activity of each of the tested solvents resulting
in the largest scatter and significant influence on the peptides’ activity. The large variability caused
by 1% Glr may not only be attributed to disrupting the optimal peptide conformation but also may be

due to the uptake and metabolism of Glr by L. monocytogenes when under stress [21].

Assessing the bioactivity of the 1:1 peptide formulation (solvent, 100 uM ZnCl,, 100 uM CaCl, and
1% GIr + 100 uM CaCl,) against L. monocytogenes and S. aureus revealed that higher ZnCl, salt
concentrations had no significant increase in the antimicrobial activity for ACN, IPA, MeOH and
TBA in both targets. However, for EtOH as the solvent, ZnCl resulted in a significant increase in
ICso against S. aureus, but not towards L. monocytogenes. This suggests that Zn** modulates the
antimicrobial activity in that it may have a role in peptide structure and oligomerisation that is solvent
dependent. Bioactivity comparison of 100 uM CaCl: in the Trc formulations resulted in EtOH, IPA,
TBA and PG formulations exhibiting a significant increase in ICso towards S. aureus but maintenance
of activity against L. monocytogenes. This increased ICso suggests that Ca** may be competing with
the Trcs for the binding site on the negatively charged phospholipid headgroups of S. aureus
preventing full peptide anchoring. Conversely, Ca®* does not influence the activity against

L. monocytogenes implying possibly a different target or mode of action.

Interestingly, TBA peptide formulations of 1% Glr + 100 uM CaCl, showed a significant decrease in
ICso towards both L. monocytogenes and S. aureus when compared against the other solvent groups.
Furthermore, the addition of 1% GIr in formulations did not result in a similar decrease in activity as
observed for the L. monocytogenes 1:20 ratio formulations, indicating the importance of CaCly in the
formulation. It can be proposed that against L. monocytogenes, in the presence of Ca>*, the Trcs can
negate the negative effect of Glr by changing the mode of action which can be further improved by
using TBA. Thereby, correlating to previous studies by Spathelf [9] and Luessa [10] where they
revealed a non-lytic mode of action when the Trcs were formulated with CaClz> when tested against
L. monocytogenes. Conversely, when working against an alternative target cell such as S. aureus, the
improved activity may be attributed to a complex association effect driven by Glr and calcium, in
which GlIr binds to the peptide, forcing the peptide into an active conformation that may be stabilised

by the high calcium concentration.

Significantly improved ICso values were observed for PG formulations containing 1% Glr whereas
PG formulations not containing 1% Glr resulted in significantly higher ICso values towards both
L. monocytogenes and S. aureus. This may be attributed to the similarities in structure and nature
between PG and GlIr in which the solvent alone would promote more unstable peptide structures by

possibly clumping the peptide and the oligomers together on the surface due to it being used as a
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binding agent [11]. When the PG formulation is exposed to the bacterial target, PG may trap the
oligomeric structures and active peptide moieties, preventing the effective release of amphipathic
dimers [7]. Improved activity for PG containing 1% Glr formulations suggests that when PG and 1%
Glr are in combination, they may either work in a synergistic manner in stabilising the peptide
resulting in improved activity or may interact with each other preventing the negative effect elicited
on the peptide. For both targets, PG caused a significant increase in activity for 1% Glr + 100 uM
CaCly, however, without 1% Glr caused PG to significantly decrease in activity only for S. aureus.
These findings correlate to the earlier results suggesting that PG has an antagonistic effect on the

peptide which is negated in the presence of Glr.

In order to select for the best formulation, it should firstly be defined that an optimal formulation is
able to illicit a high degree of activity (having a low ICso) not only towards one target but towards
both tested targets in this study. This is because of the wide range of applications that surface
formulations will be used in. Therefore, to determine the most optimal formulation condition, all the
solvents and formulation parameters were assessed by comparing the ICso of both targets against each
other as shown in Figure 6.1. It can be observed that for the solvents alone, only EtOH results in the
best, most consistent activity towards both L. monocytogenes and S. aureus whereas the five other
solvents result in low activity towards L. monocytogenes but high activity towards S. aureus and a
higher degree of spread (Figure 6.1). This may be attributed to the polar nature of EtOH, as being the
second most polar alcohol tested, in which the polarity in solution needs to be balanced to allow for
the peptide to reach a more optimal active conformation. Additionally, the presence of the hydroxyl
group and their orientation in EtOH results in improve the association and interaction for hydrogen
bonding with either water or the peptide when in solution. Therefore, EtOH serves as the best solvent
to be used with the Trcs especially in preliminary studies where no additives are being used. The
addition of additives resulted in improved, less scatter and much more stable formulations as observed
in the dotted black box in Figure 6.1. Furthermore, the addition of Glr seemed to have a much larger
influence on the more polar solvents by increasing the activity of the formulation towards both targets
(lowered ICsp) when compared to the solvents only. The formulations within the black dotted box
(Figure 6.1) serve as a good starting point in formulation development, especially when assessing
various additive influences. Finally, of all the formulations assessed, PG and TBA when in
formulation with 1% GIr + 100 uM CaCl; serves as the best formulations towards both targets (red
dotted box in Figure 6.1). Additionally, of the two solvents, TBA serves as the better formulation
base as it has a slightly lower overall ICso compared to PG. Therefore, based on the summary provided
above and the results in Figure 6.1, TBA in combination with 1% Glr + 100 pM is the best overall

formulation developed in this study against both L. monocytogenes and S. aureus.
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Figure 6.1  Comparative ICsp scatter plot assessing the different solvent-peptide formulations
values obtained for both L. monocytogenes and S. aureus against each other in determining the best
formulation. Error bars represent the SD (n =3-7) with each data point representing a collection of 3
— 7 technical repeats per condition assessed. The black dotted box represents the clustering of peptide
formulations which indicate formulations that are good for development whereas the red dotted box
represents the best identified formulations of those developed.

6.2.3 Biophysical, chemical and activity relationships of Trc formulations
6.2.3.1 Relationships between Trc mix activity and formulant chemistry

The presence or absence of Glr has a major influence towards the overall antimicrobial ability of the
Trc formulations. Therefore, to develop a functional and usable antimicrobial formulation, the solvent
and Glr influence was assessed by calculating the relative dielectric constant (¢) and relative molar

mass (M) for all formulations and comparing it to the antimicrobial ICso values (Figure 6.2).

Focusing on the influence of the € and relative M, for formulations which contain 1% Glr, excluding
1% GIr + 100 uM CaCly, resulted in an increase in 1Cso against L. monocytogenes until a breakpoint
at € = 68 and the relative formulation M;= 32-33, whereas there was no increase in ICso when assessed
against S. aureus over the same & and relative M; range. This difference may be due to
L. monocytogenes cells utilising Glr as a carbon source when under stress [46] whereas S. aureus
does not. Additionally, Glr may compete with the peptide for binding to L. monocytogenes or may
hinder the peptide optimal conformation by competing with the peptide, thereby, preventing binding

to the target cell. Inversely, for S. aureus, Glr may not influence or compete with the peptide for the
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bacterial target or cause the peptide to go into a non-active conformation. The 1% Glr + 100 uM
CaCl; formulations resulted in improved activity with lower ICso values against both microbial
targets, suggesting that the presence of calcium may stabilise the Trcs and overall promote an
alternative mode of action, correlating to previously seen results [55]. A clear breakpoint of &€ = 65
and relative M; = 32-33 towards both targets is observed (Figure 6.2). This suggests that the
formulations can be improved or become more unstable resulting in either improvement or loss of
activity. They can act as either crowding agents by influencing the ability of monomeric peptide units
to form active dimers influencing activity or by preventing/stabilising the formation of larger

oligomeric structures.

As the Trcs form various dimeric units via hydrogen bonds or the hydrophobic effect [7,8] it would
result in these peptide units having a hydrophobic core and a polar outer surface. Therefore, the

defined M; range of 33-40 suggests the following:

e If the solvents and additives are within the defined relative M range, they are small enough
to disrupt the hydrophobic core, destabilising larger oligomers, but not small enough to
compete for hydrogen bonds required by the active moiety.

e [If the formulation relative M; is less than 33, there would be hydrogen bond competition
whereas a relative M; greater than 44 would result in no core disruption but in larger oligomer

formation.
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Figure 6.2  Comparative scatter plot of the influence of 1% Glr towards all the different Trc mix
formulation solvents (ACN, EtOH, MeOH, IPA, TBA and PG) and conditions (1% Glr, 5 uM ZnCl,,
1% GIr + 5 uM ZnCl,, 100 uM ZnCl,, 100 pM CaCl; and 1% Glr + 100 pM CaCl,) on Trc mix
antimicrobial ICso values towards L. monocytogenes (A and C) and S. aureus (B and D), versus the
dielectric constant and relative molecular weight of the formulations, respectively. Error bars
represent the SD (n = 4-6). Refer to Table 3.1 for dielectric and relative M; values used in calculations.
Dotted line indicates arbitrary cut-off value from ICso (horizontal) and relative M; (vertical) by
inspection of all solvent formulations.
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6.2.3.1 Formulation influence on Trcs fluorescence and activity

The aim for Chapter 4 in this study was to evaluate and compare differences in the fluorescence
properties of Trc mix alone in various solvent systems (ACN, EtOH, IPA, MeOH, TBA and PG) and
in formulation with various additives (1% Glr, 5 uM ZnCly, 1% Glr + 5 pM ZnCl, 100 uM ZnCla,
100 uM CaCl; and 1% Glr + 100 uM CaCl,.

Fluorescence results following the Trp residue(s) revealed the sensitivity of the Trcs to their local
environment and how changes to peptide conformation/oligomerisation dictate the location of the Trp
residue(s). Furthermore, polarity and the addition of additives resulted in clear observable changes to
the fluorescence profile, confirming that the Trcs can have their conformation manipulated to find
the most optimal operational concentration and conditions limiting aggregation but the formation of

active peptide moieties, ideally amphipathic peptide dimer [12,13].

Assessment of the solvent-only influence at 50 pg/mL on the Trcs fluorescence revealed MeOH to
result in the highest quenching, followed by ACN, EtOH and PG having similar responses then IPA
and last TBA resulting in the highest fluorescence. Four of the six solvents induced a similar
fluorescence over the peptide concentration range of 3.125 ug/mL and 6.25 pg/mL whereas ACN and
EtOH lead to a similar fluorescence over the whole peptide concentration range tested. However,
marked differences for each solvent group were observed at 12.5 pg/mL and above correlating to
previously obtained critical micellular concentrations (CMC) [17]. This suggested that the observed
quenching may be attributed to the peptide conformation which drives the environment of the Trp
residue into either aromatic stacking or Trp-aromatic stacking induced FRET in a hydrophobic
pocket. It has been shown that increased polarity will lead to an increase in expected quenching [14],
which correlates to the observed results above. These results suggest that the more polar solvents
would support oligomerization while less polar solvents may be effective in lowering the hydrophobic

effect leading to larger oligomers/aggregates at higher concentrations.

Investigation into the influence of various additives in formulation with the Trcs revealed Trp
dequenching induced by 5 uM ZnClz, 1% Glr, 100 uM CaClz and 1% Glr + 5 uM ZnCl», whereas
100 uM ZnCl> and 1% Glr + 100 uM CaCl; resulted in quenching of the Trp residue. The observed
Trp quenching by 100 uM CaCl: in 1% Glr may be attributed to the interaction between either Glr
with the peptide and/or water due to increasing the availability of the hydroxyl groups. Although
some quenching was observed in 100 pM ZnCl,, it was not significant, suggesting that there could
be an ideal additive concentration that has a stabilising effect on the peptide. The dequenching
experienced by the Trcs in combination with 5 uM ZnClz and 100 uM CaClz can point towards the

effect the electron deficient groups have towards the energy state within the Trp residue when it
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undergoes excitation. TBA and EtOH formulations comprised of 100 uM ZnCl> and 100 uM CaCl»
showed no quenching and slight dequenching respectively whereas all the formulations containing
1% Glr resulted in significant quenching. This quenching correlates to reasons described earlier in
which 1% Glr introduces more OH groups leading to the competition of hydrogen bonding between
the solvent and Glr, removing the hydrogen bonds between the peptide and solvent. This potentially
may lead to more peptide oligomer interactions leading to large oligomer formation which in turn
would lead to Trp aromatic stacking. Furthermore, two alternative factors may be at play namely:
collisional quenching and static quenching. Collisional quenching may lead to interactions between
the Trp fluorophore and the additive/quencher ionic molecule whereas static quenching may be due
to complex formation thereby changing the ground and excited state energy levels [14]. The influence
of PG formulations resulted in all conditions causing quenching of the Trp residue of the Trcs. This
may be attributed to similarities between PG and 1% Glr with a higher concentration of OH group
able to participate in hydrogen bonding with the solvent or peptide thereby increasing the amount of
free water in the solution. This suggests that the increasing amount of hydrogen bonding may not
limit oligomerisation of the peptide but rather result in an increased amount of free water that will
drive the hydrophobic effect on the peptide, pushing Trp-aromatic stacking induced FRET in a
hydrophobic pocket.

When the overall antibacterial activity was correlated with fluorescence yields no obvious trend could
be deduced if all formulations are compared (Figure 6.3 A). However, when investigating and
comparing the solvent specific conditions (Figure 6.3 B — D) a clear trend was identified.
Fluorescence studies performed in this research followed the Trp residue and thus any biophysical
changes observed could be linked to Trp as it was assumed to directly influence the activity. However,
upon further evaluation, it can be observed that the role of Trp seems to not be directly responsible
for peptide activity, but rather that Trp has more of a fundamental structural importance as seen in
Figure 6.2 B-D. As the solvent system is changed, an increase in RFU is observed, however, there is
no difference in the ICso value as it remains constant from approximately 4400 + 5000 RFU, followed
by a sharp decrease or increase in ICso once the RFU exceeds + 5000. If Trp was more involved in
activity, there would not be such a substantial change in the ICso values when different solvents are
introduced, however, as there is a clear fluctuation (Figure 6.1) in activity, even when additives are
introduced, it can be suggested that Trp is more involved in structural stability. Furthermore,
alternative amino acid residues such as Orn’ or Lys’ may be more important in activity and the
observed changes in ICso may be due to formulations forcing the cationic amid acid into a non-optimal

orientation or conformation leading to decreased antimicrobial activity.
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Figure 6.3  Comparative scatter plot of the influence of the different solvents systems (ACN,
EtOH, MeOH, IPA, TBA and PG) alone and in formulation with additive conditions (1% Gilr,
100 uM ZnCly, 100 uM CaCl; and 1% GlIr + 100 uM CaClz) on Trc mix antimicrobial ICso values
towards L. monocytogenes (red) and S. aureus (green), versus the RFU of the respective formulation
condition. Error bars represent the SEM of both the ICsp and conditions RFU with each data point
representing the collection of 4 - 9 technical repeats.

Lastly, the distinct difference between ZnCl> and CaCl, may be linked to their ability to act as
chaotropic agents. CaCl> may be more likely to incorporate itself into the peptide (further discussed
later in this chapter in Figure 6.5) leading to a higher degree of structural disruption over ZnClz
resulting in the observed fluctuations of RFU for Trp. However, this will need to be further

investigated to understand the interactions on a chemical/bonding level between the peptide and these
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additives in solution and on surfaces. Therefore, it can be concluded that Trp has a much larger
importance in peptide structural stability and conformation than activity, and that the peptides’

activity and selectivity is dependent on other amino acid residues.

6.2.3.2 Oligomerisation of the tyrocidines in formulation

The objective of chapter 5 in this study was to evaluate and compare differences in the oligomerisation
of Trc mix alone in various solvent systems (ACN, EtOH, IPA, MeOH, TBA and PG) and
formulation with various additives (1% Glr, 5 uM ZnCl, 1% Glr + 5 uM ZnCl,, 100 uM ZnClo,
100 uM CaCl; and 1% GlIr + 100 uM CaClz). This was investigated utilising travelling-wave ion
mobility (TWIM-MS).

It has been shown that the Trcs readily form extended oligomeric structures via non-covalent polar
and hydrophobic interactions [12,13]. Furthermore, unwanted oligomerization of the Trcs may lead
to masking of the important groups required for interaction with cellular targets, leading to steric
hindrance, which ultimately decreases the peptides’ antimicrobial activity. Furthermore, previous
studies on the Trcs cyclodecapeptides have shown that the variable amino acids of the dipeptide unit

play a large role in peptide oligomer formation.

The nature of the Trcs in having a strong degree of aggregation has been shown to be influenced by
various aqueous environments, with the association being larger in water and less in low dielectric
constant solvents[13,15]. Furthermore, overall peptide secondary structure and self-assembly can be
further influenced by hydrophobic interactions within the aqueous environment and the amino acids
of the dipeptide units at positions three and four [7,8]. CCS studies using TWIM-MS revealed a clear
trend in conformational changes for TrcA, TrcB and TrcC with TrcA being more compact, TrcC
being more relaxed whereas TrcB portrayed the average conformation behaviour across all tested
solvents. TBA, EtOH and MeOH were dominant in driving a more compact TrcA peptide
conformation whereas TrcC resulted in a more relaxed conformation for four of the solvents except
for ACN and TBA. Conformational compactness for the different peptide analogues may be attributed
to the amino acids at  position three and four (TrcA: L-Phe3-D-Phe?;
TrcB/B’: L-Trp-D-Phe* and TrcC: L-Trp?-D-Trp*), with their role being more crucial in driving the

peptide conformation in dimers compared to monomers [2,9].

Investigation into the monomeric and dimeric oligomer species revealed that for all formulations
containing 1% Glr, there was an increase in the amount of doubly charged dimers with a loss in singly
charged dimers, as determined via TWIM-MS. This suggests that Glr stabilizes hydrogen bonding
and electrostatic and ionic interactions thereby decreasing the release of monomeric species. All

100 uM salt formulations showed a significant increase in doubly charged monomers suggesting that

6-11



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

at a high salt concentration, the salt may act as a chaotropic agent or induce a peptide conformational
change leading to the disruption of larger oligomer formation. Furthermore, formulations with
100 pM salts for ACN, TBA, EtOH and IPA resulted in a significant decrease in singly charged
monomers leading to an increase in doubly charged monomers, correlating to previously observed
results. Furthermore, formulations with 1% Glr and 100 uM CaCl, except for PG, had an increase in
doubly charged dimers and singly charged monomers but a decrease in doubly charged monomers.
This further illustrates the nature of Glr to promote dimer formation via modulation of the hydrogen

bonds and electrostatic interactions in formulation.

When the IMMS signal of the monomers and oligomers in Trc mix formulation was correlated with
activity no discernible trend could be deduced (Figure 6.4: A, B). However, when the dimer signal
alone was correlated some trends were found specifically when comparing solvent alone, 1% Glr
(squares), 100 uM CaCl: (diamond) and 1% Glr + 100 uM CaCl; (square + diamonds) (Figure 6.4 C,
D). Without any additives added, there is a low total ion signal of dimers present and most of the data
points are clustered together (Figure 6.4: C, D). This suggests that in the solvent system alone, the
peptide is potentially more prone to forming monomers and/or larger oligomeric structures but when
exposed to the target cells, the larger oligomers may result in the release of the dimers to then illicit
activity. Interestingly, the addition of 1% Glr has vastly different effects when looking at both targets
ICso but a similar effect when looking at the total ion signal of dimers (Figure 6.4). It can be observed
that against L. monocytogenes the addition of Glr resulted in a decrease in activity (increased 1Cso)
but shifted to a higher total ion signal of dimers. Furthermore, when looking at S. aureus it can be
observed that 1% Glr did not change the activity profile of the peptide but also resulted in an increased
total ion signal of dimeric species. This finding correlates with and confirms the ability of
L. monocytogenes to utilise Glr as a carbon source when under stress but this is not the case for
S. aureus [21]. Additionally, Glr may disrupt higher order oligomerisation by competing for hydrogen
bonds used by the peptide to form larger oligomers, thereby acting as a chaotropic agent, correlating
to the earlier observations in Chapter 3 and Chapter 5. When in formulation with 100 uM CaCl,
alone, the total ion signal for both target conditions reverts to being low however there is no
substantial change in the activity profile when compared to the solvent alone. However, when the
targets are exposed to peptide formulations made up of 1% Glr + 100 uM CaCl; a clear difference in
total ion signal and activity is observed against both targets. These findings correlate with those
summarised in this chapter and Chapters 3 and 5, confirming that the formulation with 1% Glr + 100
uM CaCl: results in the best relationship between the presence of dimers and interaction between the

additive and peptide leading to the most optimal bioactivity.
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Figure 6.4  Comparative scatter plot of the influence of the different solvents systems (ACN,
EtOH, MeOH, IPA, TBA and PG) alone using the total positive ion signal of singly charged
monomers, doubly charged dimers and doubly charged monomers (A and B) and the doubly charged
dimers in formulation with the specific additive conditions (1% GlIr,100 uM CaClz and 1% GlIr + 100
uM CaCly) (C and D) on Trc mix against the antimicrobial ICso values of S. aureus (A and C) and
L. monocytogenes (B and D) . Error bars represent the SEM (n = 3) of both the ICsp and conditions
RFU with each data point representing the collection of # technical repeats.

Considering the two most active formulations (Figure 6.1), both contained 100 uM CaCl.. TWIM-
MS results revealed a large, detected ion peak at 2.09 minutes (refer to Chapter 5, Figure 5.5 and
Figure 5.6) for all 100 uM CaCl peptide formulations, whereas formulations without 100 uM CaCl,
revealed a small ion peak at the same time. These observations suggest the potential formation of a
triply charged peptide-calcium complexes [M+Ca+H]** as shown in Figure 6.5. Previous studies
conducted by Loll et al. [18] and Munyuki et al. [19] showed that the Trcs form amphipathic B-sheets
dimers where two B-turns are formed at the tight turns within the peptide serving as a potential

anchoring site for the metal ion, as observed for Iturin A> [16]. However, as complex formation was
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only observed for Ca** (ion radius 1.80 A) and not Zn>* (jon radius1.42 A), it suggests that the atomic
radius of the metal ion is important in being able to anchor at the B-turn site. Therefore, it is proposed
that an optimal specific ion radius of >1.42 A and < 1.80 A is required in order to form a highly stable
complex, with Zn>* being too small while Ca* is large enough to sit in the pocket to form stable
electrostatic interactions (coordination bonds) with the carbonyl groups in the B-turn which can

survive the harsh IM-MS conditions [7,8].
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Figure 6.5 Schematic illustrating the dimeric [2M+2H]** and monomeric [M+H]* species of the
Trcs and the formation of the Trc-doubly charged monomer [M+H]** and the triple charged Trc-metal
complex [M+Ca+H]** . The schematic represents a working hypothesis as to the mechanisms for the
Trc-metal complex structure formation. The dotted lines represent the intramolecular hydrogen bonds
as described by Loll et. al. and the positive (+) signs represent the charge on the Trc. The * represents
the metal ion which can be different depending on the metal-salt used in the formulation.

6.3 Future studies

This study provides insight into the influence various solvents and additives in formulations have on
the antimicrobial activity of Trcs on treated solid surfaces. As this study only investigated the Trc
mix, further investigation of the purified individual Trc analogues can be done with the solvents or
additives used in this study. Furthermore, solvent percentage ranges (5% - 95%) can be tested to
assess the impact varying solvent percentages have on the Trcs as well as testing different solvent
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composition mixtures and ratios. Additionally, further biophysical analysis can be performed to
investigate and focus on how different solvents and additives affect the Trcs structural changes and
attempt to specifically identify what is responsible for driving the biophysical changes and linking
that to observations in bioactivity. As this study only focused on using TWIM-MS and FS to elucidate
the biophysical changes, other techniques that can be used but are not limited to are circular dichroism
(CD) to investigate changes to the secondary structures, nuclear magnetic resonance (NMR)
spectroscopy to study the interaction between the various solvents and/or additives and the Trcs, and
attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) to study the
peptide conformation on the solid surfaces. Although computational modelling was not included in
this study and most computational models on the Trcs have looked at TrcA, TrcB, TpcC within only
one to two solvent systems, future studies can investigate and build Trcs models using the solvent
systems in this study. This will further assist in developing these formulations and understanding

what makes a formulation the most optimal and why it is better from a bioactivity perspective.

Previously conducted research by the BIOPEP group and research members utilised SEM to obtain
imagery of the Trcs and specific analogues (TpcC) on a surface. This provided initial insight into
surface distribution and allowed for a deeper understanding of how the Trcs form structures on a
surface. Presently, there is limited understanding of conformational landscape changes and structural
transition of the Trcs on surfaces and computational models to explain this. Therefore, future studies
for this specific avenue can utilise molecular dynamic simulations coupled with cryo-electron
microscopy (cryo-EM) that can investigate fluid and short-lived changes in surface conformational
states of the peptide which can be modelled to develop a deeper mechanical understanding of the
peptide-surface relationship. Additionally, an electron probe micro-analyser (EPMA) can be used for
sample imagery and chemical analysis along with its ability to use “spot” analysis for very small
sample sizes resulting in the ability to detect small compositional variation in a sample’s texture

context.

The antimicrobial activity performed in this study was only assessed towards two Gram-positive
targets, L, monocytogenes and S. aureus because of their relevance to surface contamination. Future
studies for peptide-treated surfaces can be expanded to assess activity towards Gram-negative
bacteria such as Escherichia coli, as there are currently limited surface control methods for Gram-
negative bacteria. Additionally, future studies can include assessing the formulations against various
biofilm-forming pathogens, L. monocytogenes and S. aureus biofilm strains and Candida albicans,
in the prevention of surface adhesion and biofilm formation. Furthermore, the solid surface assay
used in this study is currently only optimised for bacterial targets, a preliminary study was performed,

using the formulations in this study, in modifying this assay towards a fungal target Botrytis cinerea,

6-15



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

but requires further growth optimisation. Therefore, future studies can optimise the high throughput

assay towards various fungal pathogens such as Botrytis cinerea and Aspergillus fumigatus.

Lastly, as this study only investigated the treatment of a solid surface within the microtiter plate,
future studies can investigate the ability of these formulations on various materials followed by
bioactivity and biophysical studies. Previous studies on various carbohydrates and lipids in
formulation with the Trcs showed promising activity, therefore future studies can add the best acting

carbohydrates and lipids as additional additive(s) [17-19].
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