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Summary

Candida albicans is a fungus found in the normal biota of humans, but in immuno-compromised
individuals, C. albicans forms complex biofilms on the surface of medical prosthetics, skin, oral
cavities, the urinary tract, and other epithelial cell layers. Biofilms and the development of drug
resistance has limited treatment options. Antimicrobial peptides (AMPS) are increasingly becoming
attractive therapeutic agents for the treatment of these infections due to their multifunctional

properties, multiple cellular targets, and the lower incidence of resistance development.

Previous studies have shown that Os, an AMP derived from the tick defensin OsDef2, has antifungal
activity against C. albicans. Preliminary antifungal mode of action studies indicated that Os induces
the formation of reactive oxygen species although not a primary mode of killing. Os causes membrane
permeabilization, which is inhibited by an excess of free laminarin and mannan. Furthermore, Os was

shown to bind plasmid DNA but was inactive in high salt conditions.

The aim of this study was to further explore the mode of action of Os in planktonic C. albicans (ATCC
90028) cells. A modified microbroth dilution assay was developed to allow rapid screening of salt
sensitive AMPs such as Os. With this method the I1Cso of the positive control, amphotericin B (AmpB),
and Os were determined as 0.547 + 0.056 yM and 1.163 + 0.116 uM, respectively.

The effects of AmpB and Os on cellular morphology were evaluated using scanning electron
microscopy and transmission electron microscopy at their respective 1Czs, ICso and 1C7s values. When
comparing the effects of Os with AmpB on the cell wall and membrane, Os had more severe and non-
specific effects. Os induced the formation of pits on the cell surface and pores in the cell membrane,

as well as increased budding scars.

Using isothermal titration calorimetry, no interaction between Os and the fungal cell wall components,
mannan and laminarin, could be detected. Factors such as the lack of tryptophan and aspartate
residues as well as B-sheet secondary structures may account for the lack of interaction. However,
with the modified microbroth dilution assay in the presence of excess of mannan or laminarin
(20 mg/mL), reduced activity from Os was observed. The formation of soluble macro-complexes

between Os and the cell wall components at high concentrations may account for reduced activity.

The ability of Os to cause membrane depolarization was evaluated with bis-(1,3-dibutylbarbituric acid)
trimethine oxonol. The control, melittin, caused a linear increase in depolarization with a significant
increase at 0.63 uM, while Os caused a sigmoidal increase in depolarization with a significant increase
at 2.5 uyM. Therefore, membrane depolarization occurs following membrane permeabilization which

occurs at 2 uM.

Finally, the localisation of 0.5 yM and 6.4 uM (ICzs, 1C7s) 5-FAM-Os, and concurrently the effect on

vacuoles loaded with CellTracker Blue-CMAC, was determined with flow cytometry and confocal laser

Xi



scanning microscopy (CLSM). Findings were that Os, at a concentration below its ICsp, binds to the
cell membrane, then translocates and binds DNA. At a concentration above its ICsp, Os accumulates

in the cytoplasm and causes destruction of membranes, including that of vacuoles, leading to cell
death.

In conclusion, this study shows that Os is a membrane acting AMP that can be further developed for
clinical application as an antifungal drug.
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1 Literature review

1.1 Candida albicans

Candida albicans is a multiform fungus (able to form yeast and hyphal cells) and is the most prevalent
fungal species in the human microbiome. A compromised immune system, stress and other microbial
infections can cause an overgrowth of C. albicans leading to a wide range of infections. Premature
infants or the aged are at the greatest risk for infection while other risk factors include a prolonged
stay in an intensive care unit (ICU), renal failure and/or prolonged exposure to broad-spectrum
antimicrobial agents (Pfaller and Diekema, 2007). The biggest challenge is the ability of Candida to
form biofilms on surfaces, such as catheters or prosthetics. Biofilms are dense cell communities with
a protective extracellular matrix that increases the organism’s resistance to drug treatment (Nobile
and Johnson, 2015).

1.1.1 Antibiotic resistance

Misuse of antibiotics and the development of resistance is due to unnecessary usage, and includes
the use of antibiotics to increase the growth of farm animals, prolonged exposure to antibiotics at
levels lower than the effective dose, the sharing of prescribed antibiotics and the unnecessary

prescription of antibiotics (Levy, 2002).

Over the years, multiple different resistant strains of C. albicans have arisen, rendering conventional
antifungals, such as amphotericin B (AmpB), ineffective. C. albicans can form biofilms, resulting in
the development of antimicrobial resistance (Gulati and Nobile, 2016). To eradicate biofilms
increased concentrations of antifungal drugs are required to treat an infection and if the administered
dosage is below the minimum inhibitory concentrations (MIC), the chances of the pathogen to

develop resistance increases.

The mechanisms of resistance include the development of efflux pumps that remove drugs from
cells, changes to drug targets, an increase in enzymes that break down drugs and/or overproduction
of the drug target to increase the minimum effective dose of the drug. In C. albicans biofilms,
fluconazole resistance arose through the development of efflux pumps and reduction of the

ergosterol content in the cell membranes (Mukherjee et al., 2003).

Furthermore, microbes can transfer these resistance traits to other organisms. A study by Levy
(2002) reported that individuals sharing the same environments, had microbes in their skin biomes
that shared the same types of antibiotic resistance, showing that antibiotic resistance can be
transferred simply by sharing the same living space. Another mechanism is the presence of persister
cells that are metabolically inactive, reducing the uptake and effectiveness of most drugs. This gives

rise to multidrug resistant (MDR) subpopulations (Figure 1.1) (LaFleur et al., 2006).



) Planktonic
Drug target Persister

Forming low metabolic
persister cells

Efflux pumps Changing /reducing drug target

Figure 1.1: Three common mechanisms of resistance i  n C. albicans. (1) The production of efflux pumps
removes the drug from the cell, thereby lowering the cellular concentrations of the drug. (2) By changing or
reducing the number of certain targets or molecules. For example, a reduction of the amount of ergosterol in
the cell membrane, reduces the effectiveness of drugs such as fluconazole. (3) In biofilms, the formation or
presence of resistant, low metabolic persister cells can cause reoccurrence of the infection after drug treatment
(LaFleur et al., 2006).

Since microbes are developing resistance to antibiotics faster than new drugs can be developed, it
is critical to find new ways to combat infectious diseases. Therefore, both novel drugs and treatment
strategies are required to treat C. albicans infections and prevent MDR development. Antimicrobial
peptides (AMPs) are a class of molecules that have antimicrobial, immunomodulatory and anti-
biofilm activities. As such they are promising leads for the development of novel antifungal agents to

treat C. albicans infections and prevent MDR development.

1.2 Antimicrobial peptides

1.2.1 Leads for novel antimicrobial agents

The first identified and studied AMPs were found in small invertebrates such as the silk moth and
Drosophila fruit flies. These studies focused on how AMPs were induced by challenging the organism
with bacteria and fungi (Zasloff, 2002). Most insects were found to have some form of AMP
production as part of the innate immune system. AMPs were also identified as part of innate immunity
in humans, and were identified to have multifunctional properties including the regulation of
inflammation, chemotactic effects on immune cells and the signalling of infection in the body.
Consequently, AMPs as multifunctional peptides not only directly disrupt microbial growth but also

aid the host's immune system in the process (Hancock and Diamond, 2000).

Not only do a wide range of organisms produce AMPSs, but there is a remarkable diversity in AMP

structure regarding size, sequence, and charge. Yet, AMPs do share common characteristics which



are that most AMPs are amphipathic, have positive net charges at a physiological pH, and are

between 10 and 50 amino acid residues is size (Chung and Khanum, 2017).

There are four general structural classifications of AMPs and these are a-helical, B-sheet, extended
structures, and looped peptides (Figure 1.2)(Mojsoska and Jenssen, 2015). Peptides with B-sheets
or a-helices are generally more common, although looped peptides and linear peptides with
segregating hydrophilic and hydrophobic residues can also be found (Zasloff, 2002, Yeung et al.,
2011).

c
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Figure 1.2: The four structural classifications of AMPs. (A) a-helical secondary structures are usually

amphipathic with one side being hydrophobic and the other side being hydrophilic. (B) B-sheeted secondary
structure usually facilitates the interaction between an AMP and the plasma membrane of cells. (C) Linear
secondary structure. This class of AMPs usually do not have one fixed secondary structure but rather changes
depending on the structure or molecule with which it interacts. (D) Looped secondary structure are usually
cross-linked by disulphide bonds and these peptides are generally sensitive to reducing environments (By
Biljana & Havard, 2015, used under CC-BY-NC 2.0 user license).

Many AMPs are effective against both bacterial and fungal cells due to their different cell specific
modes of action (van der Kraan et al., 2005). Antifungal peptides (AFP) are a sub-class of AMPs
and the most common natural source of these peptides are plants, more specifically, the plant
defensins (Yan et al., 2015). Unlike other defensins which are usually more active against bacteria,
plant defensins are generally more effective against a broad range of fungi. This is hypothesized to
be due to the general threat that fungi pose to plants. Still, these defensins are active against non-

phytopathogenic fungi, such as C. albicans (Stotz et al., 2014).

Challenges associated with the development of AMPs including AFPs as therapeutic agents are
related to selectivity and stability including the effects of salt and proteolytic enzymes. Fungi are
eukaryotic and therefore membrane targeting may also adversely affect mammalian cells.

Therefore, in fungi such as C. albicans, the ability of AFPs to target molecules such as ergosterol,

3



laminarin and mannan would result in selective targeting. Most AMPs in clinical trials and used
clinically are administered as creams, gels, hydrogels or mouth washes (Table 1.1). These methods
of application or administration are due to the salt and proteolytic sensitivity of AMPs. These effects
can be overcome by developing analogues in which for example all D-amino acids instead of L-
amino acids are used, to reduce the risk of protease digestion whilst retaining antimicrobial activity
(Zasloff, 2002). Other compounds like ion chelators added to the peptide solutions reduce the
concentration of free ions in environments with high salt concentrations. Nonetheless, the first step
in identifying an AFP for further development is to determine the activity and mode of action before

this peptide can be modified for evaluation in high salt and proteolytic environments.

Several AMPs have been developed and are in clinical trials or are used clinically. The phase of

clinical trial, indication/s and manner of administration are summarised in Table 1.1.



Table 1.1: Reported peptides and peptidomimetics in

commercial development.

Since this record, some

of these drug treatments have become available commercially. Adapted from Mahlapuu et al. (2016)

AMP Description Phase Indication Administration Clinical trial
identifier (if
available)

Pexiganan Analog of Phase llI Infected diabetic Topical cream  NCT00563394,

(MSI-78) magainin (skin of foot ulcers NCT00563433

African clawed
frog)

Omiganan  Derived from Phase Il/lll Catheter infections Topical gel NCT00231153,

indolicidin (bovine) and rosacea NCT01784133

Lytixar Synthetic Phase /11 Uncomplicated Topical NCT01223222,

(LTX-109) antimicrobial Gram-positive skin hydrogel NCT01803035,

peptidomimetic infections, impetigo, NCT01158235
and nasal
colonization with S.
aureus
hLF1-11 Derived from Phase I/l Bacteraemia and Intravenous NCT00509938
lactoferricin fungal infections in treatment (in
(human) immune- saline)
compromised
haematopoetic stem
cell transplant
recipients

Novexatin ~ Derived from Phase I Onychomycosis Topical brush-

(NP-213) defensins (human) (fungal nalil on-treatment

infection)

CZEN- 002 Dimericoctamer Phase Ilb Vaginal candidiasis  Vaginal gel

derived from a-
MSH(human)
LL-37 LL-37 (human) Phase /11 Hard-to-heal venous  Polyvinyl
leg ulcers alcohol-based
solution
PXLO1 Derived from Phase Il Prevention of post- Hyaluronic NCT01022242
lactoferricin surgical adhesion acid-based
(human) formation in hand hydrogel
surgery
Iseganan Derived from Phase llI Oral mucositis in Oral solution NCT00022373
(I1B-367) protegrin 1 patients receiving
(porcine radiotherapy for
leukocytes) head and neck
malignancy
PAC-113 Derived from Phase Il Oral candidiasis in Mouth rinse NCT00659971

histatin 3 (human
saliva)

HIV seropositive
patients




1.2.2 Modes of action

Cell wall targets

One of the main targets for drug development is the cell wall of C. albicans. This structure consists
mainly of polysaccharides, such as B-glucans and chitin, cross-linked by proteins (Figure 1.3) (Klis
et al.,, 2001). Since these structures and associated pathways of synthesis are not present in
mammalian cells, they are good drug targets. Binding of a drug to the polysaccharides or proteins

on the cell wall and membrane can cause destabilisation thereby compromising cellular function.

Several AMPs have the ability to bind to and disrupt fungal cell walls (Maurya et al., 2011). In
addition, binding may be an initial event required for the subsequent interaction with the cell
membrane. For example, laminarin and mannan are common components of the cell wall of
C. albicans. Laminarin is a glucan-polysaccharide that contains 1,3-linked B-D-glucose residues with
1,6-linked branches forming at a ratio of 1:3 (Salyers et al., 1977). Mannan is a linear polymer of
mannose with 3(1-4) linkages (Petersen et al., 2001). Both polysaccharides are present on the cell
surface strengthening the cell wall, promoting cellular adherence and communication (Chaffin,
2008). Disruption either by binding or the inhibition of cellular biosynthesis of these polysaccharides
can compromise cellular function. Several proteins, including the insect B-Glucan recognition protein

(BGRP), and AMPs recognize and bind to fungal cell wall components (Takahashi et al., 2014).

The Candida cell wall

Hyphae Cell Wall

Cell Wall
L

Influence on virulence and resistance

Membrane
L

““ Mannoproteins

I B -1,3-glucan Hides fungi from

immune response

B -1,6-glucan Q
4

[N /
__' Chitg Resistance to antifungal
and stress

SRR

VYV

=
‘Nal
5 8
=1
sjuauodwos || (130

Cell wall
>
L]

=
=
=
23

Figure 1.3: Simplified representation of the struct ure of the cell wall of C. albicans. Directly above the
plasma membrane is the cell wall, mainly composed out of chitin and B-glucans, cross-linked by short protein
sequences. Associated with the cell wall are different glycoproteins and polysaccharides, such as mannan and
laminarin. This structure helps contribute to the virulence and resistance of the cell (Garcia-Rubio et al., 2019).
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Cell membrane acting

For most AMPs, their mode of action and antimicrobial effects are still unknown. One mode of action,
widely studied, involves the permeabilization of the cell membrane (Brogden, 2005) and to date,
there are three proposed mechanisms of AMP mediated cell membrane permeabilization (Figure
1.4).

The first is the barrel-stave model in which peptides associate with the cell membrane and self-
aggregate to form barrel-like, aqueous pores in the membrane. The second model is the toroidal
pore model, where the peptide associates with polar head groups of the cell membrane, causing the
membrane to curve and self-associate between leaflets to form a pore within the membrane. Finally
in the carpet model peptides line the membrane in a carpet-like manner and aggregate to break the
membrane without hydrophobic interactions which form micelles in a detergent-like manner (Park et
al., 2011, Chung and Khanum, 2017).

Mechanisms of antimicrobial peptides on cell membranes
L
4

Figure 1.4: Different models for membrane permeabil ization by antimicrobial peptides.  (A) The barrel-
stave model: peptides self-aggregate to form aqueous pores in the cell membrane. (B) The toroidal pore model:
peptides associate with polar head groups of lipids and self-aggregate to curve the two lipid bilayers together.
(C) The carpet model: peptides line the polar headgroups of lipids in a carpet-like manor to separate lipid
interactions and form micelles in a detergent-like manner (Park et al., 2011).

Membrane depolarization

Interaction of AMPs with the cell membrane can cause membrane depolarization. Normally there is
an uneven distribution of metal cations inside and outside of the cell membrane creating an
electrostatic potential gradient across the cell membrane (Arino et al., 2010). This membrane
potential is regulated by different membrane protein transporters, such as the Na*(K*)/H* antiporters
and the Na*(K")-ATPase transporters (Arino et al., 2010). When this membrane potential becomes
disrupted it can have detrimental cellular effects that include the build-up of toxic amounts of
intracellular sodium and the disturbance of processes that rely on the membrane potential e.g.

glucose uptake (Ramos et al., 2011)(Figure 1.5).
7



lon pumps

Cell membrane

Figure 1.5: A representation of a cell membrane con taining membrane proteins responsible for
maintaining an electrostatic potential across the m embrane. The model peptide interferes with membrane
protein (Na*/K*-pumps, Cl-channels etc.) function, causing depolarization of the membrane. If the peptide
would disrupt the membrane potential by damaging the cell membrane, this could be considered membrane
permeabilization rather than membrane depolarization.

Antifungal drugs, such as fluconazole, are known to affect the membrane potential of C. albicans
(Elicharova and Sychrova, 2013). In addition to this, some peptides have also shown the ability to
cause membrane depolarization in C. albicans. APP is a 20-amino acid peptide derivative
(GLARALTRLLRQLTRQLTRA) of the cell penetrating peptide ppGT20, which was originally
designed for single-gene transfer across cell membranes (Rittner et al., 2002). This peptide was
shown to cause potassium efflux and nucleotide leakage in C. albicans (Li et al., 2016), identifying
membrane proteins responsible for maintaining the membrane potential as possible targets for drug
treatment. Likewise the peptide K19Hc caused membrane depolarization and permeabilization (Jang
et al. (2006).

Vacuoles and other intracellular targets

Recent research has shown that many AMPs have intracellular targets including DNA, RNA and
organelles such as the mitochondria and vacuoles (Maurya et al., 2011). By better understanding
the structure and the function of organelles like these, better therapies and drug treatments can be

developed.

The vacuoles located in the cytosol are important intracellular structures and targets of some AMPs
(Figure 1.6). A few of the functions of vacuoles include receiving nutrients and other molecules taken
up through endocytosis, aiding in protein sorting during cell growth and supplying nutrients to
budding daughter cells. This acidic organelle is similar to the lysosome found in mammalian cells.
Vacuoles play an important role in stress responses, adaptation to different environments and cell
differentiation (Rane et al., 2013). Studies have shown that vacuoles are important to the virulence
and pathogenesis of C. albicans (Johnston et al., 2009, Palmer et al., 2003, Palmer, 2011, Veses et

al., 2008). Vacuole membrane components such as transport proteins signal to the cell to respond
8



to environmental changes. In addition, the vacuoles remove harmful molecules from the cytoplasm
(Veses et al., 2008).

O  Endocytosis
@]

O
ER @)

Vacuolar protein O

Vacuolar inheritance

Sorting pathway

Autophagy

Current Opinion in Microbiology

Figure 1.6: Convergent membrane trafficking involvi ng the pathways for vacuole protein sorting,
endocytosis, autophagy and vacuole inheritance in b udding yeast. A stream of vacuole vesicles that form
the vacuole segregation structure, which is mobilised by the Myo2-actin cytoskeleton is also shown (Veses et
al., 2008).

pPVEC, a cell penetrating peptide with activity against Candida species, has been shown to target
vacuoles and other organelles (Gong and Karlsson, 2017). The authors investigated localisation of
pVEC using 5-FAM-pVEC and stained vacuoles using CellTracker-Blue(CMAC)
(CTB-CMAC)(Figure 1.7). At low concentrations there was an equal distribution of 5-FAM-pVEC and
vacuole staining, while at high concentrations, only 5-FAM-pVEC staining was observed, indicating
that in a dosage dependent manner pVEC targeted the vacuoles. Whether the observed effect was
due to direct vacuole membrane targeting or disruption of vacuole related processes was not

determined.
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Figure 1.7: Intracellular distribution of pVEC in C. albicans at different peptide concentrations. (A)
Differential interference Contrast (DIC) and fluorescence microscopy images showing location of FAM-labelled
pVEC and location of vacuoles, stained with CellTracker-Blue (CMAC) in cells. (B) Flow cytometry data
illustrating shift of FAM and vacuolar fluorescence. For (A), scale bar=510 mm. Results published by Gong
and Karlsson (2017).

1.3 Methods for determining the mechanisms of actio n of AMPs

Over the past two decades, a wide variety of methods have been developed and optimized to
determine the different modes of action of AMPs. These methods range from using light microscopy
and electron microscopy to using flow cytometry and different molecular markers. Most studies
aimed at determining the modes of action of a peptide start by looking at the outside of the cell and
moving inwards. This means that the effects of the peptide on the membrane and cell wall are studied
first. This is usually done with the use of electron microscopy and fluorescent microscopy. By looking
at differences in cell structures of treated and untreated cells with the use of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), researchers were able to
investigate how the peptide interacts with the membrane of a target cell. An example of this was a
study done by Taute (2017) where the effects of the peptides Os and Os-C on bacterial cell walls

and cell membranes were observed using SEM.
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Researchers have also investigated whether peptides bind to certain components of the fungal cell
wall (Jang et al., 2006). This was done by adding laminarin or mannan, two important components
of the fungal cell wall, to peptide solutions before treating cells. Decreased activity indicated that the
peptides interacted with free laminarin or mannan, inhibiting activity on the cells. This showed that
the peptide does not just affect the cell membrane in a random fashion similar to detergents, but in
fact interacts with cell wall components as well, interfering with its structure and stability. In order to
obtain more detailed information on the binding of a peptide, further experiments are required. One
such method is known as Isothermal titration calorimetry (ITC). This method is used to determine
the different parameters and binding kinetics of a molecular interaction by measuring the change in

temperature when different concentrations of two molecules are mixed together (Freire et al., 1990).

Peptides are known to destabilize or depolarize cell membranes. This has previously been tested by
measuring parameters such as potassium efflux rates of cells (Orlov et al., 2002). A study done by
Jang et al. (2006) tested the effects of a peptide K19Hc on potassium efflux of treated C. albicans
cells. The amount of potassium in the surrounding medium after cells were treated with the peptide
was measured using an lon selective electrode (ISE) meter fitted with a potassium ion electrode.

High amounts of released potassium indicated cell permeabilization and membrane depolarization.

When looking deeper into cells, methods such as flow cytometry and fluorescent microscopy, are
used to determine how peptides affect intracellular targets such as vacuoles and mitochondria. Some
studies have even shown peptides that interact with DNA molecules (Feng et al., 1997). Taute et al.
(2015) previously showed that Os interacts with plasmid DNA by using gel electrophoresis and

studying DNA migration retardation of plasmids exposed to Os.

1.4 Background to the study

Defensins are a family of cationic peptides with an average length of 29 to 34 amino acids. The class
was first identified in rabbit and guinea-pig neutrophils (Zeya and Spitznagel, 1963) and later in other
vertebrates as well as invertebrates and plants. Most peptides in this class are rich in arginine
residues and contain multiple cysteine residues that lead to disulphide bonds (Ganz et al., 1990).
Defensins are responsible for the innate immunity in organisms such as plants and insects but can
have additional effects in mammals, such as the chemotaxis of leukocytes (Wong et al., 2007). The
general mode of action of defensins, whether from vertebrate, invertebrate or plant cells, is the
disruption of microbial cell membranes. Research has identified a range of intracellular targets in

addition to targeting and disrupting cellular membranes:

The first reported tick defensin was a partial amino acid sequence purified from the haemolymph of
Ornithodoros moubata (Van der Goes van Naters-Yasui, 2000). It was later discovered that four

different defensins are secreted into the midgut of the tick after blood feeding to serve as a first line
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of defence against infection (Nakajima et al., 2003). Since then a range of different defensins have
been discovered in ticks, including OsDef2 identified in O. savigni (Prinsloo et al., 2013). The majority
of defensins identified in ticks do not significantly differ from those found in insects and usually have
6 cysteine residues forming disulphide bonds, and are positively charged with affinity for the major
phospholipids in bacterial cell membranes (Gillespie and et al., 1997). The defensins from hard and
soft ticks differ slightly and generally protect ticks from bacterial and fungal infections (Taylor, 2006).
Tick defensins have some unique characteristics and sequences that could make them good

candidates to be developed as AFPs for the treatment of fungal infections.

The peptide Os, investigated in this study, is the carboxy-terminal derivative of the defensin protein
OsDef2 identified in the tick O. savigni (Prinsloo et al., 2013). The sequences of the parent peptide
OsDef2 and the derivative Os are shown in Table 1.2. A summary of the effects and known modes

of action of Os is presented in Table 1.3.

Table 1.2: The original peptide and the Os derivati  ve along with their sequences, lengths, mass and
charge at physiological pH.

Peptide Sequence Length Mass (Da) Charge
(pH 7.4)

OsDef2 GYGCPFNQYQCHSHCKGIRGYKGGYCKGAFKQTCKCY 37 4185.80 +6

Os KGIRGYKGGYCKGAFKQTCKCY 22 2459.92 +6

Initial studies showed that the OsDef2 peptide was mainly effective against Gram-positive bacteria.
The derivative Os was found to rapidly kill both Escherichia coli and Bacillus subtilis using
antibacterial assays. In vitro studies showed that Os was not toxic towards mammalian cells and
displayed antioxidant activity (Prinsloo et al., 2013, Taute et al., 2015). Ultrastructural studies
indicated that Os caused bacterial cell wall indentation and the collapse of cellular structures and
was able to permeabilize bacterial cell walls without causing cell lysis (Taute, 2017). In addition, Os
was found to bind to plasmid DNA (Taute, 2017).
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Table 1.3: Properties of Os identified in previous

studies.

Property

Description

Publication

Antibacterial activity

Activity against
bacteria.

Gram-positive and -negative

Taute (2017), Prinsloo et
al. (2013)

Known cellular targets

Induction of reactive
oxygen species (ROS)

Causes an increase in ROS in planktonic C.
albicans but does not correlate with killing.

Unpublished results

Intracellular targets

Binds to plasmid DNA.

Taute (2017)

Membrane activity

Membrane permeabilization in bacteria, fungi and
synthetic liposomes.

Taute (2017), (Ismail et
al., 2019), Unpublished
results

Active transport across
plasma membrane

Uptake into C. albicans cells significantly reduced in
cells deprived of adenine-triphosphate.

Unpublished results

Advantages

Cytotoxicity No cytotoxicity in human erythrocytes, L929 | Taute (2017), Malan et al.
fibroblasts or RAW 264.7 cells. (2016)

Antioxidant Reduces the amount of ROS in solution and cellular | Prinsloo et al. (2013),
models. Taute et al. (2015)

Structure Circular dichroism showed an a-helical structure in | Prinsloo et al. (2013),
a membrane-mimicking environment. Taute (2017)

Challenges

Salt sensitivity Loses activity (including antiplanktonic activity | Mbuayama (2016)

against C. albicans) in complex media and solutions
with high salt concentrations.

Cell wall interaction

Loses activity in the presence of high concentrations
of polysaccharides found in fungal cell walls, such
as mannan and laminarin evaluated with radial
diffusion assay (RDA).

Unpublished results

Structural predictions using the sequence of the peptide and circular dichroism showed that Os most

likely takes on an a-helical conformation when interacting with liposomal structures, such as cell

membranes (Prinsloo et al.,, 2013). Os has a positive net charge of +6, which allows it to

electrostatically interact with negative polar head groups of lipids in bacterial and fungal cell

membranes. The peptide is also amphipathic, which allows it to insert into lipid bilayers and disrupt

membrane structures.

Os has antifungal activity with a minimum fungicidal concentration (MFC) of 6 uM against planktonic

cells (Mbuayama, 2016) when evaluated with the radial diffusion assay (RDA). However, activity

against planktonic cells was lost in complex media such as Roswell Park Memorial Institute medium
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(RPMI), possibly due to the high content of salts in complex media. Further unpublished findings
showed that Os loses activity when pre-incubated with excess free laminarin or mannan which
suggests that binding is essential for antifungal activity. To better understand this interaction, more
in-depth analytical studies are required. Indications are that Os is cell membrane acting as it causes
the permeabilization of liposome (Saccharomyces cerevisiae polar extract and 30% ergosterol)
membranes with a 50% permeabilization concentration of 4 yM. Therefore, the cell membrane and

membranous organelles such as the vacuoles in fungi are potential targets.

1.5 Aim of the study
The main aim of this study was to further investigate the mode of action of the antimicrobial peptide
Os in planktonic Candida albicans ATCC 90028 cells.

1.5.1 Objectives

1. To determine the concentration inhibiting 50% cell growth (1Cso) of Os with a modified micro-
broth dilution assay.

2. To evaluate the effects of Os on cell wall morphology and intracellular structure of planktonic
C. albicans cells using SEM and TEM, respectively.

3. To investigate the binding kinetics of Os to mannan and laminarin, major polysaccharides in
the cell wall of C. albicans, using ITC and the modified microbroth dilution assay.
To study whether Os causes membrane depolarization of planktonic C. albicans cells.
To determine whether FAM labelled Os interacts with or targets vacuoles using flow

cytometry and confocal laser scanning microscopy (CLSM).

14



2 Methodology

2.1 Overview
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=

Figure 2.1: An overview of the methodology and the different techniques used in the study.
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2.2 Chemical reagents

RPMI and yeast peptone dextrose (YPD) agar used for the cultivation of C. albicans was obtained
from Sigma Aldrich, USA. Glucose supplementing RPMI in microbroth assays was obtained from
Merck, RSA. 3-(N-morpholino) propanesulfonic acid (MOPS) buffering the RPMI medium was
obtained from Sigma Aldrich, Johannesburg, RSA. CellTiter Blue (CTB) used to test cell viability in
microbroth dilution assays was obtained from Anatech, Randburg, RSA. Amphotericin B (AmpB), a
positive control was obtained from Sigma Aldrich, SA. C. albicans (ATCC90028) glycerol stocks
were used for all experiments. Reagents for the preparation of sodium phosphate (NaP) buffer and
other solutions was obtained from Merck, RSA. Poly-L-lysine for glass coverslips was obtained from
Sigma Aldrich, Johannesburg, RSA. Laminarin and mannan used for cell wall binding assays were
obtained from Sigma Aldrich, Johannesburg, RSA. DIBAC4(3), fluorescent dye in membrane
depolarization assays, was obtained from Molecular Probes, ThermoFisher Scientific,
Johannesburg, RSA. CellTracker Blue-CMAC was also obtained from ThermoFisher Scientific,

Johannesburg, RSA.

2.3 Synthesis of peptides and preparation of peptid e solutions

Os and 5-FAM labelled Os was synthesized using FlexPeptide™ by GenScript (New Jersey, USA).
The purity and molecular masses of the peptides were determined using reversed-phase high-
performance liquid chromatography and mass spectroscopy, respectively. Melittin and 5-FAM
labelled penetratin were also obtained from GenScript (New Jersey, USA). The lyophilized peptides
may contain between 10 — 70% of bound salts and water by weight, therefore the concentration of
the stock peptide solutions were determined using the molar extinction coefficients of Tyr (1200

Au/mmole/mL) and Trp (5560 Au/mmole/mL) and the following equation:

_ AxdfxMW
€= n(eTyr) + n(eTrp)

where c is the concentration (mg/mL), A is the absorbance at 280 nm, n is the number of Tyr or Trp
residues of each respective peptide and eTyr and €Trp are the extinction coefficients of Tyr and Trp,
respectively. Stock solutions of 160 uM were prepared in filtered, double distilled water (ddH20) and
stored at -20 °C.

2.4 Anti-planktonic microbroth dilution assay

The antifungal activity of Os against planktonic C. albicans cells was previously determined with the

RDA and the spread plate method (Mbuayama, 2016). Both assays are time consuming and require

several resources, often taking two to three days to obtain results from a single experiment.

Researchers developed the microbroth dilution assay for the cost-effective and rapid determination
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of the antimicrobial activity of drugs including AMPs. However, due to the salt sensitivity of Os (Table
1.3) standard microbroth dilution assays cannot be used. To overcome this limitation the modified
microbroth dilution assay was developed to determine the ICso of Os and to further investigate its

mode of action.

Firstly, the minimum percentage dilution of RPMI required for the optimal growth of C. albicans was
determined. Secondly, in a reduced nutrient environment cells become more sensitive to the effects
of drugs, therefore the activity of AmpB (positive control; not salt sensitive) in a reduced media

environment was determined with the modified microbroth dilution assay.

To optimize growth conditions, C. albicans cells from frozen glycerol stocks were streaked over YPD
agar plates and incubated at 37°C (Separation Scientific, Cape Town, RSA) for 24 hours. An
overnight culture was prepared from the streak plate by picking 4-5 colonies and inoculating 20 mL
of YPD broth. The culture was grown for 16 hours at 30°C with shaking at 150 rpm. Then, 100 pL of
the culture was transferred to 9900 uL of fresh YPD broth. The subculture was incubated for 3 hours
at 30°C with shaking until the culture reached an optical density (OD) of 0.50 at 620 nm measured
with a UV-1600 PC VWR spectrophotometer (Separation Scientific, PA, USA).

Previous experiments showed that at an OD of 0.50 was equivalent to a cell concentration of 10°
cfu/mL. After incubation 7x 1 mL aliquots of culture were centrifuged for 10 min at 2300 x g (miniSpin
Plus, Eppendorf, Merck). The supernatants were removed, and each cell pellet was washed with a
range of RPMI dilutions (2%, 10%, 20%, 50%, 100%, 150% and 200%) with NaP buffer (pH 7.4, 20
mM) as diluent. All cells were collected by centrifugation at 14100 x g for 2 min. The supernatants
were removed, and pellets were resuspended in the respective RPMI dilutions before being further
diluted 5 times in the respective dilutions of RPMI. A 50 pL volume of the diluted cell suspensions
were transferred to 6 wells for each dilution to polypropylene 96-well plates (Greiner Bio-One,
Kremsmunster, Austria). To three wells of each RPMI dilution, 50 yL of AmpB (10 uM final
concentration) was added. To ensure that RPMI did not interfere with quantification, triplicate blanks
were included for each RPMI dilution and consisted of 50 yL RPMI dilution and 50 pL of ddH-O.
Cells were incubated at 37°C for 2 hours and cell viability was determined as described in section
2.4.1.

As shown in section 3.1, after 3 hours there were no significant differences in growth of planktonic
C. albicans for 100% RPMI compared with medium or 10% RPMI diluted in NaP buffer (10 mM, pH
7.4) (10%RPMI/NaP). Therefore, 10%RPMI/NaP was used throughout this study in the modified

version of the microbroth dilution assay.

To evaluate the drug sensitivity, of cell growth in RPMI media, cells were prepared as described

earlier in 10%RPMI/NaP and were exposed to serial dilutions of the positive control, AmpB and Os
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at final concentrations of 0.03 yM - 5 uM and 0.15 yM - 20 uM respectively for 2 hours at 37°C before

the cell viability was determined and calculated as described in Section 2.4.1.

2.4.1 Cell viability

Cell viability was analysed using CTB. This fluorescent dye consists mainly of resazurin which is
reduced by metabolically active cells to resorufin which is quantified with fluorescent
spectrophotometry at an excitation wavelength (Ex) of 535 nm and an emission wavelength (Em) of
590 nm.
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Figure 2.2: The chemical structure of resazurin, th e chemical used in CellTiter Blue staining. In this

assay, resazurin is reduced to resorufin, a fluorescent molecule, that is quantified as a measure of cell viability
(ThermoFisher Scientific).

The method that was used is described by Troskie et al. (2014). After 2 hours of exposure, 11 uL of
CTB was added to each well and after a further 1 hour incubation at 37°C, with a total exposure time
of 3 hours, fluorescence was measured at an Ex of 535 nm and an Em of 590 nm (Spectramax,
Multi-mode detection platform, Molecular Devices, Austria). The percentage inhibition was

calculated using the following equation:

100 X (Avg. absorption — Avg. blank)
Avg.absorption of growth control — Avg. blank

Inhibition (%) = 100 —

From the generated curves the ICz, ICso and ICss values were calculated and represent the
concentrations of Os needed to inhibit 25%, 50% and 75% of cell growth respectively. In further

experiments the mode of action of Os, the ICzs, ICso and 1C7s concentrations were used.
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2.5 Coated glass coverslip preparation

For SEM and confocal microscopy, cells were mounted on 10 mm diameter glass coverslips (Lasec,
Johannesburg, RSA). The coverslips were coated with positively charged poly-L-lysine which
improves the attachment of negatively charged cells through electrostatic interactions with negatively
charged polar head groups of plasma membrane lipids (Fischer et al., 2008). Coverslips were
washed with 10% NaOH (w/v), 60% ethanol (v/v) by shaking for 2 hours. The coverslips were rinsed
with ddH>O and sterilized with 99.9% ethanol (v/v). The coverslips were dried and submerged into
poly-L-lysine solution (7000 — 15000 kDa, Sigma-Aldrich, Johannesburg, RSA) for 2 hours. Finally,
the coverslips were rinsed three times with ddH,O and were left to dry in a sterile environment for at

least 3 days before use.

ZT

Figure 2.3: Chemical structure of the monomer unit of poly-L-lysine. Drawn using ChemSketch.

2.6 Scanning electron microscopy

The effects of AmpB and Os on the cell wall morphology of planktonic C. albicans cells was
determined with SEM. This technique allows the high-resolution visualization of surface detail.
Briefly, in SEM the sample is bombarded with electrons released from a tungsten filament. Areas of
the sample with low conductivity can become charged with electrons, causing distortions in the final
image. To eliminate this effect the sample is thinly coated with a layer of conducting material, such
as gold or graphite, and lower energy electron beams in the range of 10 - 20 keV are used. A
detector, in the form of a cathode-ray tube, picks up secondary electrons and backscattered
electrons from the sample (Reimer, 2013) and this data is converted into an image with the use of

software (Figure 2.3) (Bozzola and Russell, 1999).
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Figure 2.4: (A) The different components and layout of a scanning electron microscope.  Accelerated
electrons move through magnetic coils that function in the same way glass lenses do in light microscopes.
This guides the electron beam across the sample. Reflected electrons are captured by the electron detector
and an image is generated with software based on the captured electrons (Kanakamedala, 2019). (B) Different
interactions between electron beam and the sample. Secondary electrons are the main sources of information
on the topology of the sample. Backscattered electrons are secondary sources of information about the
textures and surfaces of the sample (Akhtar et al., 2018).

The method that was used to treat and prepare cells for SEM analysis as described by Taute (2017)
with modifications. Cells used in this experiment were prepared as described in section 2.4.1 and
were exposed to the I1Cs, 1Cso and the 1C7s of AmpB and Os for 3 hours. The C. albicans cells were
fixed by adding 50 pL of 5% formaldehyde/glutaraldehyde solution, diluted with 75 mM NaP (pH 7.4),
to each well of a 96-well plate. After fixation at room temperature for 15 minutes the cells were
transferred to glass cover slips, coated with poly-L-lysine (Section 2.5) in 24-well plates (Greiner Bio-
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One, Kremsmunster, Austria). Cells still in fixative were allowed to adhere at room temperature for
70 min. The cover slips were then washed three times with 75 mM NaP (pH 7.4) to remove non-
adhered cells and fixative. Post-fixing was achieved with 1% OsO, for 45 min and then the excess
0Os0,4 was removed and the coverslips were washed three times with 75 mM NaP (pH 7.4). Samples
were dehydrated with increasing concentrations of ethanol (30%, 50%, 70%, 90%, 100% v/v in
ddH-0), with three washes using 100% ethanol. After the final 100% ethanol wash, the ethanol was
removed, hexamethyldisilazane (HMDS) was added for 1 hour. Afterwards, the HMDS was removed
and 2 drops of HMDS was added to each coverslip. Coverslips were dried overnight before mounting
onto aluminium stubs and coating with carbon. Coated samples were visualised using SEM (Ultra

plus field emission gun, Zeiss, Oberkochen, Germany).

2.7 Transmission electron microscopy

With TEM, the effects of AmpB and Os on the cell wall, organelles and membranes were evaluated.
TEM detects transmitted or scattered electrons, emitted by tungsten filaments that have interacted
with cellular structures. The electron-intensity distribution between the sample and electron beam is
focused by a series of magnetic lenses onto a fluorescent screen. In order to detect electrons that
have interacted with the sample accurately, the sample has to be thin, between 5 nm and 500 nm.
Additionally, due to the low electron-dense properties of biological samples (Reimer, 2013),
biological material is stained with electron-dense metals, such as lead. This allows electrons to better
interact with the typically low electron-dense biological sample and also provides slightly higher
magnification and resolution (Figure 2.4) (Bozzola and Russell, 1999). Treated C. albicans cells was

prepared for TEM as described by Park et al. (2006) with modifications.
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Figure 2.5: A diagram depicting the different compo nents of a transmission electron microscope and
showing how the electron beam is directed to intera ct with the tissue and to create an image  (Beards,
2020).

Cells were treated in 0.6 mL Eppendorf tubes as described in section 2.4. After treatment, cells were
centrifuged at 5000 x g for 10 min, washed with NaP buffer (75 mM, pH 7.4) before being fixed with
formaldehyde/glutaraldehyde (2.5% v/v) in NaP buffer (75 mM, pH 7.4) for 1 hour at room
temperature. After fixing, the cells were collected by centrifugation for 2 min at 2500 x g. The
supernatants were discarded, and cell pellets were washed three times with NaP buffer (75 mM, pH
7.4) with centrifugation (2 min, 2500 x g) steps between each wash step. Post-fixing was undertaken
using 300 uL of 1% OsO, for 1 hour. This was followed by three more washes with NaP buffer. Cells
were dehydrated with increasing concentrations of ethanol (30%, 50%, 70%, 90% v/v in ddH.O) with
three final washes of 100% ethanol. Cells were collected by centrifugation (2 min, 2500 x g) between
each dehydration step. The final dehydration step was overnight in 100% ethanol. The 100% ethanol
was removed and replaced with 50% Embed812 resin mixed with 100% ethanol (1:1 v/v). After an
incubation time of 1 hour, the cells were collected by centrifugation and the supernatant was replaced
with 100% Embed812 resin. After mixing for 4 hours, the samples were centrifuged again and new
100% Embed812 resin was added. The cell pellets were transferred to moulds and new resin was
added. The samples were placed at 60°C for 48 hours to allow polymerisation of the resin. After
polymerisation, the samples were trimmed and sectioned using a Leica Ultramicrotome (Leica
Microsystems GmbH, Weziar, Germany) and a 45° diamond knife (Diatome, Pennsylvania, USA).
Sections were contrasted using uranyl acetate and lead citrate and left to dry overnight before being

visualized using a JEM-2100 transmission electron microscope (JEOL. Tokyo, Japan).
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2.8

The interaction of Os with laminarin and mannan, components of the cell wall of C. albicans, was

Isothermal titration calorimetry

investigated using ITC. In ITC the binding kinetics is determined by measuring the change in
temperature when solutions of the target molecules are mixed together. This change in temperature
can be used to calculate the binding kinetics of two molecules using the equation for Gibbs free
energy (AG = AH — TAS) (Freire et al., 1990). In addition to that, the change in temperature can

also be used to determine the binding affinity of association constant (K,) between two molecules.

In this experiment the binding affinity of the peptide to laminarin and mannan, two abundant
polysaccharides in the cell wall of C. albicans (Figure 2.4) (Ruiz-Herrera et al., 2006), was
determined. Furthermore, unpublished results have shown that in a biological environment using the
RDA, Os loses activity when incubated with an excess of laminarin or mannan. The purpose of using

ITC was to obtain a better understanding of the interaction of Os with the identified polysaccharides.
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Figure 2.6: Chemical structures of cell wall compon

ents, mannan (left) and laminarin (right) found in

C. albicans cell walls. Drawn using Chemsketch.

The experimental design was as described by Nevidalova et al. (2018) with some modifications, and
concentrations used were based on the method of Mishima et al. (2009). For ITC the MicroCalxo
(Malvern Panalytical, Malvern, USA) was used. Briefly, Os was present in the sample cell, with
mannan or laminarin present in the syringe. Different concentrations of Os and laminarin/mannan
were evaluated as indicated in Table 2.1. Os, laminarin, and mannan solutions were prepared in 10
mM NaP buffer (pH 7.4). All experiments were carried out at 30°C with the reference cell power set
at 6 ucal/sec. A total of 20 injections were done per experiment with a 2 pL volume of
laminarin/mannan per injection. The time between each injection was 120 sec with each injection
taking 4 sec. The solutions were stirred at 600 rpm. Temperature changes were measured using
Origin 7.0 software (Originlab Corporation, Northampton, USA) and the binding kinetics between Os

and laminarin or mannan was evaluated.

23



Table 2.1: The different concentrations of Os used in ITC with the corresponding concentrations of
laminarin and mannan used as titrant.

Os (uM) Laminarin Relative uM Mannan Relative uM | Estimated molar ratio
(Mg/mL) (Mg/mL) (Os:polysaccharide)
1.2 12.1 24.0 16.0 24.0 1:20
12.0 242.0 480.0 319.0 480.0 1:40

2.9 Cell wall components binding assay

The modified microbroth dilution assay was used to determine whether Os interacts with different
cell wall components of C. albicans in a biological environment. Os at its MIC of 10 pM, was mixed
with 2X serial dilutions of mannan or laminarin (0.267 mg/mL, 0.202 mg/mL), respectively, and after
an incubation time of 1 hour was added to C. albicans cells prepared as described in section 2.4.
Exposure was for three hours and cell viability was determined using the CTB assay as described

in section 2.4.1.

2.10 Membrane depolarization assay

An important function of the plasma membrane is to regulate the uptake and release of sodium- and
potassium ions. Differences in ion concentrations across the plasma membrane create the
membrane potential and if disrupted, can lead to cell death. DIBAC4(3) is a fluorescent dye that,
under normal conditions is unable to cross the cell membrane. Due to the overall negative charge of

DIBAC4(3), it is able to cross depolarized cell membranes (Figure 2.5) and localize to the cytosol.

GH3|GH ]3 y iGH
D:( N— ch=cH —CH:i: =0
CH4(CH,, ] O [GH )aCH,
3

Figure 2.7: The chemical structure of protonated bi  s-(1,3-dibutylbarbituric acid) trimethine oxonol
[DIBAC 4(3)]. This molecule is unable to cross the cell membrane due to its negative charge but once the cell
membrane is depolarized, the molecule can cross the membrane and enter the cell (Brune et al., 2002).
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Melittin was used as a positive control as previous studies have shown its ability to cause membrane
depolarization (Toraya et al., 2005). For comparative purposes, the 1Cso of melittin was determined

using the modified microbroth dilution assay as described in section 2.4.

The ability of Os compared with melittin to cause membrane depolarization in C. albicans was
determined. The method described by Zoric et al. (2017) with minor modification was used. To
determine membrane depolarization, cells were treated with 0.31 — 10 yM melittin or Os for 2 hours.
Afterwards, 20 uL of DIBAC4(3) (12 ug/mL) was added to cells for 1 hour. Thereafter the cells were
washed with 1X phosphate-buffered saline (PBS; pH 7.4) to remove any excess dye, and the cells
were collected with centrifugation (5000 x g, 10 min), and fluorescence was measured at an Ex of
488 nm and an Em of 510 nm.

2.11 Intracellular co-localisation of FAM-Os and va  cuole staining
The uptake of Os into C. albicans cells is energy dependent (unpublished results) alluding to
processes such as endocytosis. The possible association of endocytosis with vacuoles (Figure 1.6)

and the effect of Os on vacuoles were determined.

The localisation of FAM labelled Os was determined at the IC,s and 1C+s of Os. 5-Carboxyfluorescein
(5-FAM) (Figure 2.7A) is a single isomer of carboxyfluorescein that contains a carboxylic acid, which
can react with primary amines and is used as a green fluorescent tag to label peptides and proteins.
In this study 5-FAM labelled penetratin (10 yuM) was used as the control as previous studies (Alves
et al., 2011) have shown that penetratin enters C. albicans cells. 7-Amino-4-chloromethylcoumarin,
known as CellTracker Blue-CMAC (CTB-CMAC) (Figure 2.7B) interacts with lipid bilayers and in an

environment with reduced pH, such as vacuoles, will show strong blue fluorescence.

A B

Figure 2.7: (A) Chemical structure of 5-carboxyfluo  rescein (5-FAM) that contains a carboxylic acid tha  t
can be used to react with primary amines via carbod iimide activation of the carboxylic acid and is use d
to fluorescently label peptides. (B) Chemical structure of 7-amino-4-chloromethylcoumarin, known as
CellTracker Blue (CTB-CMAC) (ThermoFisher Scientific) which interacts with lipid bilayers and in
environments with low pH such as vacuoles has blue fluorescence.
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The co-localisation of FAM-Os and CTB-CMAC in the vacuoles of C. albicans was evaluated using
flow cytometry and CLSM, based on the method described by Gong and Karlsson (2017) with some
modifications. Flow cytometry as used in this study, provides quantitative information while CLSM
provides qualitative information on the localisation and distribution of staining in an intracellular

milieu.

Flow cytometry is an analytical method that allows the separation and analysis of single cells in
suspension. Cells move in single file through a small channel as an excitation laser passes light of
a specific wavelength through each cell (fluidic system). Detectors then measure forward scattered,
side scattered and fluorescent light from each cell (optical system). This can then be analysed with
software and generated data can provide information on the size and shape of cells or the amount

of fluorescence of a specific fluorescence probe (electronic system) (Shapiro, 2005)(Figure 2.8).
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Figure 2.8: Basic layout of a non-cell sorting flow cytometer. The system is divided into three main

sections the fluidic, optical and electronic systems (Castillo-Hair, 2016).

CLSM was used to evaluate the intracellular localisation of staining in C. albicans. In this type of
microscopy, pinholes block out-of-focus light from above and below the focus point (Figure 2.9). This
improves the quality of an image as all unfocused light is blocked from the detector but reduces the
amount of light seen on the final image. The reduction in light is compensated for by using lasers,
which provides high intensities of light, and photomultiplier-detectors, which helps to pick up reduced
light signals. This is particularly useful in fluorescent microscopy as it is common to have unfocused
fluorescent light in thicker samples with multiple focus planes. Due to the highly focused light on a
sample, fluorescent bleaching can occur, and this is prevented by using small pulses of light rather
than a continuous beam of light. Additionally, lasers emitting wavelengths of light are used in

conjunction to create multi-coloured images of samples labelled with different fluorescent probes.
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Certain software also allows the construction of 3-dimensional fluorescent images by combining

images from different focal planes (Nwaneshiudu et al., 2012, Spring, Fellers and Davidson, 2012).
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Figure 2.9: Excitation and emission light pathways in a scanning confocal laser microscope
configuration . Unfocused light is blocked from the detector to allow focus on a specific plane of a sample.
This allows visualization of thicker samples compared to standard fluorescent microscopes
(Desig.kristinejaynephotography.com, 2020).

Planktonic C. albicans cells were treated with 0.5 yM and 6.3 uM Os, fluorescently labelled with 5-
FAM at the N-terminal under the same conditions described for the modified microbroth dilution
assay (Section 2.4). After 1 hour of treatment in Eppendorf tubes, the cells were washed with NaP
(10 mM, pH 7.4) and were collected with centrifugation at 5000 x g for 10 min. The cells were
incubated with 0.025% trypsin (Merck, RSA) for 10 min to remove any attached extracellular peptide
(Mufioz et al., 2012). After staining with CTB-CMAC for 40 min, the cells were resuspended in NaP
buffer (10 mM, pH 7.4) and analysed with flow cytometry (BD FACSAria Fusion, BD Biosciences,
Johannesburg, RSA).

For SLCM live cells were plated onto poly-L-lysine covered coverslips which were then inverted onto
sterile glass slides and sealed using colourless nail polish. The samples were visualized within 12
hours after being added onto cover slips, using a SLCM (Zeiss, Oberkochen, Germany). Images

were analysed using AXIO VISION 4.8 software (Zeiss, Oberkochen, Germany).
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2.12 Statistical analysis

Data are representative of three independent experiments performed in duplicate or triplicate as
indicated. Data was analysed using the GraphPad Prism 6 software program. Multiple comparisons
were tested by two-way ANOVA followed by the Tukey's post hoc test to obtain statistical
significance of p < 0.05 when necessary. Inhibitory activity values are represented by the mean *

standard error.
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3 Results

3.1 Modified microbroth dilution assay

Os loses activity in complex media with high salt concentrations (Mbuayama, 2016). Therefore, a
modified version of the microbroth dilution assay was developed to determine the activity of Os
against planktonic C. albicans. For optimization, C. albicans cells were grown in 100% - 1% dilutions
of RPMI diluted with NaP buffer. The lowest dilution that supports the growth of C. albicans similar
to growth in 100% RPMI was determined. In Figure 3.1, 10% RPMI/NaP was identified as the lowest
dilution where there was no significant difference between the viability of cells compared to cells in
100% RPMI. Cells grown in the different dilutions of RPMI/NaP were exposed to AmpB to determine
if the sensitivity of C. albicans to an antimicrobial agent is altered when grown in media with a
reduced nutrient content. No significant difference in viability between cells treated with AmpB at the

different dilutions of RPMI/NaP was observed indicating no changes in sensitivity.
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Figure 3.1: Fluorescence as a measure of the viabil ity of planktonic C. albicans cells grown in different

dilutions of RPMI/NaP with/without 2.5 M AmpB. Green bars measured fluorescence for C. albicans grown
in different dilutions of RPMI/NaP. Red bars represent the fluorescence of C. albicans grown in different
dilutions of RPMI/NaP exposed to AmpB at its MIC of 2.5 yM. Significant differences are indicated by (*, **,
*xx xxkk) where p < 0.05, 0.01, 0.001 and 0.0001.

3.2 Inhibitory activity of Os
At a lower media dilution of 10% RPMI, the modified version of the microbroth dilution assay could
be used to determine the activity of Os using AmpB as a positive control. The ICso for AmpB was

0.547 + 0.056 puM and for Os was 1.163 + 0.116 yM (Figure 3.2). Melittin was used as a positive
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control in membrane depolarization studies. The ICso of melittin was 1.08 + 0.07 pM (Figure 3.2C).

From these curves the ICzs, ICso and ICss values were calculated (Table 3.1) and were used for
further mode of action studies.
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Figure 3.2: The activity of (A) AmpB (positive cont  rol), (B) Os and (C) melittin against planktonic C.
albicans cells after 3 hours treatment determined with the modifie d microbroth dilution assay. = AmpB
has an ICso of 0.547 £ 0.056 pM, Os has an ICsp of 1.163 + 0.116 puM and melittin has an ICso of 1.08 £ 0.07
MM. Graphs are representatives of three independent biological repeats. The ICso values represent the mean
+ standard error of the mean of three independent biological repeats.

Table 3.1: The IC 25, ICso and IC7s of AmpB and Os against C. albicans growth. The ICso of the control
melittin is included.

Treatment IC 25 ICso IC7s

AmpB* 0.150 + 0.076 UM 0.547 + 0.056 UM 1.101 + 0.062 pM
Os* 0.561 + 0.086 pM 1.163 £ 0.116 uM 6.350 + 0.057 uM
Melittin* 0.625 + 0.103 pM 1.08 £ 0.070 uM 1.65+0.056 uM

*Values represent the mean * standard error of the mean of three independent biological repeats.
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3.3 Effect of Os on C. albicans ultrastructure

The effects of Os and AmpB at concentrations equal to their ICzs, ICso and ICs values (Table 3.1)
on the external ultrastructure of planktonic C. albicans were evaluated with SEM (Figure 3.3). Control
cells have a typical oval shape and a smooth outer surface that represents the typical morphology
of C. albicans. At the ICzs of AmpB the cell shape is irregular, the cell wall is not as smooth compared
with the control. At the ICso small evenly dispersed extracellular vesicles (EV) are present on the cell
wall. Pits (white arrows) and bud scars (red arrows) are also present. There are also signs of
extravasation of cellular contents (blue arrows). At the higher concentration, 1Css, the cells are

elongated, with a ruffled surface and filamentation occurring.

At the ICys of Os, the morphology of C. albicans is altered and there are small pits on the cell wall.
Bud scars are also present and appear elongated. Fewer cells appear to be spherical compared to
untreated cells, with more elongated and tube-like cell formations. There appears to be extravasation
of cellular contents (blue arrow). Exposure to Os at the ICso causes the cell membrane to be irregular
with indentations (white arrows) and small blebs. Cells also appear to separate irregularly with clear
scars appearing where the mother and daughter cell used to be attached (white circles). At the ICzs,
the cells are flattened with large pseudopodia-like structures, large pores are present (white arrows),
and the scar bud appears to be shrivelled (red arrows). Pits on the surface of the cell also appear to
become larger. Budding on the cell surface appear to be more numerous compared to cells treated
with lower concentrations of Os. Morphological features indicated that the effect of Os is different

from that of AmpB.
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Figure 3.3: Scanning electron microscope images of planktonic C. albicans treated for 3 hours with
AmpB or Os at concentrations equal to the IC 5, ICsp and IC7s. Images shown are representatives of the
majority of cells seen for each sample. White arrows indicate pits on the cell wall surface. Red arrows indicate
budding scars. Blue arrows indicate extravasation of cellular contents. Red circles indicate germ tubes caused
by filamentation of cells. Scale bars represent 1 pm.
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The effects of Os on the ultrastructure of planktonic C. albicans cells were further investigated using
TEM. This allowed visualization of the cell wall and membrane and the intracellular structure of

C. albicans. AmpB was used as a positive control again as its effects on C. albicans is well studied.

Untreated C. albicans cells have a regular rounded shape with a clearly defined cell membrane and
cell wall with fibrils (Figure 3.4). Exposure to AmpB appears to affect the cell morphology in a dose-
dependent manner. With increasing concentrations, the cell shape changes from a regular round to
ovoid to a sickled shape. Fibrils are absent and the thickness of the cell wall varies from being thin
(yellow arrows) to being thick (black arrows). The cell membrane is irregular (red arrows), and in
some areas is absent or breaking away from the cell wall (blue arrows). With exposure, the
organelles, such as vacuoles and nuclei, are localized at the inner curve or concave surface. The
nucleus appears to be breaking apart similar to how the cell membrane is breaking away from the

cell wall, with clear pores appearing.

Likewise, the intracellular effects of Os at concentrations equal to the 1Cs, ICso and ICzs on planktonic
C. albicans cells were analysed using TEM. Figure 3.5 shows representations of the populations of
cells in each sample. The untreated control cell had a typical oval shape with a bud scar, a light
staining nucleus and dark staining vacuole. Both the cell wall and cell membrane are smooth and
regular. With exposure, the oval, rounded shape is retained and the cell wall and cell membrane
remained regular when compared with the effects of AmpB. Cells treated with Os show cytosolic
retraction from the cell wall (blue arrows). The cytoplasm of cells treated with the IC2s and ICso of Os
appear to be more electron dense while exposure to the 1C+s resulted in a cytoplasm with a regular
wavy appearance (red circle) and is possibly due to the precipitation of cytosol contents, such as
proteins. Finally, there seems to be an increase in budding compared to untreated cells (red arrows)

and may be due to filamentation as observed with SEM.
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Untreated AmpB 0.15 M (IC2s) AmpB 0.5 pM (ICs0) AmpB 1 uM (IC7s)

Figure 3.4: Transmission electron microscope images at different magnifications of planktonic C. albicans cells treated with different concentrations of
AmpB. In the untreated control, fibrils (green arrow), a regular cell wall (CW) and cell membrane (CM) are present. With exposure to AmpB the cell shape becomes
sickled shape. Fibrils are absent and the cell wall thickness varies from being thin (yellow arrows) to being thick (black arrows). The cell membrane is irregular (red
arrows) with some areas being absent or breaking away from the cell wall (blue arrows). Organelles, such as vacuoles and nuclei, localize on the concave surface.
Small scale bars indicate 1 um and large scale bars indicate 200 nm. (V: vacuole, P: peroxisomes, N: nucleus)
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Figure 3.5: Transmission electron microscope images of planktonic C. albicans cells treated atthe IC 25, ICsp and IC 75 of Os. Exposure causes cytosolic retraction
from the cell wall (blue arrows). At the IC2s and ICso, the cytoplasm is more electron dense and remaining cells at IC7s have a regular wavy appearance (red circle). The
number of bud scars are increased (red arrows). Small scale bars indicate 1 um and large scale bars indicate 200 nm. (V: vacuole, P: peroxisomes, N: nucleus)
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3.4 Interactions with cell wall components

Before evaluating the interactions between Os and mannan or laminarin with ITC, a positive and
negative control was tested. As a positive control, ethylenediaminetetraacetic acid (EDTA) with
calcium carbonate (CaCO3) was used (Figure 3.6). A typical curve of molar ratio and ucal/sec was
obtained due to the strong interaction between EDTA and CaCOs; observed at a molar ratio of
approximately 1:1. Both mannan and laminarin alone in buffer did not cause any interference, except

for a single peak signal in the mannan/buffer control, which was most likely due to an air bubble
escaping the solution.
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Figure 3.6: Titration graphs indicating heat change s from mannan or laminarin mixed with buffer and
EDTA interacting with CaCO 3 respectively.

Then the interaction of Os with mannan and laminarin, was performed (Figure 3.7). Os was first tested
at its ICsp with mannan and laminarin concentrations in the syringe being 20X higher than the 1Cs of

Os (estimated ratio 1:20). No significant heat changes that were greater than the background were
observed.

To confirm the lack of interaction between Os and mannan or laminarin, the concentrations were
increased. For these experiments Os was tested at 10X higher concentrations than the 1Cso and the
concentrations of mannan and laminarin were increased to 40X the concentration of Os (estimated
ratio 1:40). Even at the higher concentrations and molar ratios, no significant interactions were
observed. Therefore, under these conditions no binding occurred.
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Figure 3.7: Titration graphs indicating heat change s due to interactions between Os and mannan and
laminarin respectively. The graphs are representatives of three independent repeats for each titration. At the
lower concentrations (left) Os was tested at its ICso with mannan and laminarin concentrations within the syringe
being 20X higher than Os. At higher concentrations Os was tested at 10X its ICso with mannan and laminarin
concentrations in the syringe being 40X higher than Os.

After ITC showed that there is no binding between Os and mannan or laminarin, the microbroth
dilution assay in the presence of mannan or laminarin was performed. This was undertaken to
determine if the interaction between Os and the cell wall components are dependent on a cellular
environment. In the presence of increasing concentrations of laminarin and mannan, the antifungal
activity of AmpB was unaltered (Table 3.2). At the concentrations of laminarin and mannan used for
ITC there were no changes in the antifungal activity of Os. However, when the concentrations of
mannan and laminarin were increased to 20 mg/mL, there was a 34,0 £ 13,9% and 35,6 + 14,5%

reduction in Os activity, respectively.
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Table 3.2: Inhibitory activity of Os and AmpB at th  eir respective IC 5o values against planktonic C.
albicans in the presence of increasing concentrations of ma nnan and laminarin.

Laminarin Inhibition (%) Mannan Inhibition (%)
(mg/mL) AmpB (2.5 pM) Os (10 pM) (mg/mL) AmpB (2.5 pM) Os (10 pM)

0 87,1+0,88 100 £ 0,32 0 87,1+0,88 100 £ 0,32
0,003 90,5+1,12 99,5+1,92 0,004 94,6 +£1,06 99,4 + 0,23
0,006 89,3+ 3,50 99,3+1,60 0,007 94,2 +£0,14 99,6 +£ 0,59
0,013 88,8 £4,30 99,5+ 1,65 0,017 93,2+1,11 99,5 + 0,46
0,025 87,9+4,79 99,4+1,51 0,033 89,4 + 3,76 99,6 + 0,49
0,050 83,1+9,17 99,6 +£1,63 0,067 88,1 +6,49 99,5+ 0,48
0,100 89,4 + 3,96 99,3+1,50 0,133 87,7 £ 6,68 99,5+ 0,36
0,202 89,9+3,31 99,4 + 1,47 0,267 89,9+5,18 99,7 £0.90
20 100 £ 0,13 34,0 £13,9* 20 83,8 £ 3,45 35,6 + 14,5%

Values represent the mean + standard error of the mean of three independent biological repeats. *Two-way
Anova comparisons between 20 mg/mL of mannan or laminarin and lower concentrations show that there is a
significant difference in the antifungal activity of Os.

3.5 Membrane depolarization

The antimicrobial activity of several AMPs is due to membrane depolarization (Graf et al., 2017). To
investigate whether the antifungal activity of Os is a result of membrane depolarization, the fluorescent
dye DIBAC4(3) was used. Melittin served as a positive control as this peptide has shown membrane

depolarization activity in bacterial and fungal cells (Toraya et al., 2005).

DIiBAC4(3) is unable to cross polarized membranes, but with increasing concentrations of melittin
there was a linear increase in fluorescence, indicating membrane depolarization (Figure 3.8A). For
Os a sigmodal increase in fluorescence was observed (Figure 3.8B) indicating that Os requires higher
concentrations and there is a critical threshold before membrane depolarization occurs. At the ICso of
melittin, 1.0 x 107 fluorescence units were measured while at the ICso of Os less than 1.0 X 10°
fluorescence units were measured. Melittin appears to cause depolarization at concentrations as low
as 0.63 puM while Os was only able to start depolarizing membranes at 2.5 uM. Therefore, compared
to melittin these results suggest that the antifungal activity of Os is not due to membrane

depolarization.
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Figure 3.8: The amount of membrane depolarization ¢ = aused by different concentrations (0.15-10 uM) of
(A) melittin and (B) Os in C. albicans membranes. Membrane depolarization was quantified by measuring
intracellular fluorescence emitted by DIiBAC4(3). Graphs represent three independent biological repeats
presented as the mean + standard error of the mean.

3.6 Intracellular localisation

To evaluate whether Os targets vacuoles by targeting the cell membrane or by disrupting pathways
associated with the vacuoles, flow cytometry was used. Quadrants were calibrated using untreated,
both stained and unstained, planktonic C. albicans (Figure 3.9). As expected, cells treated with free

5-FAM did not contain intracellular 5-FAM fluorescence.

The untreated control and free 5-FAM control stained positively for CTB-CMAC (85.11% and 85.06%,
respectively), indicating vacuole staining. Cells treated with 5-FAM-penetratin showed strong
fluorescence with 99.89% of cells being positive for FAM-penetratin. Only 0.08% of the cell population
was positive for both 5-FAM-penetratin and CTB-CMAC indicating that 5-FAM-penetratin enters

planktonic C. albicans cells, accumulates in the cytoplasm and breaks down intracellular membranes.

Cells treated with 0.5 pM 5-FAM-Os have a strong fluorescent signal of 73.42% for both 5-FAM-Os
and CTB-CMAC with 26.42% of the cell population staining for only 5-FAM-Os, indicating that at lower
concentrations Os is able to enter cells but does not break down intracellular membranes. At 6.3 uM,
5-FAM-Os and CTB-CMAC staining decreased to 3.78% and 5-FAM-Os staining increased to
96.17%, indicating that at higher concentrations Os starts to enter cells more effectively and break

down intracellular membranes.

There is no significant difference in the number of cells positive for CTB-CMAC between untreated
cells and cells treated with 0.5 yM Os (Figure 3.10). At the higher concentration Os, CTB-CMAC

staining is reduced significantly with no significant change in the percentage of 5-FAM positive cells.
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Figure 3.9: Scatterplot graphs of 5-FAM peptide and CTB-CMAC fluorescent signals obtained from flow
cytometry. Quadrants are CF+, only 5-FAM peptide, C+F- only CTB-CMAC staining, and C+F+ both 5-FAM
peptide and CTB-CMAC fluorescence. Below each scatterplot graph is a table indicating the cell count in each
quadrant as well as the percentage cells relative to the total cell count. Scatterplots are representative of three
independent biological repeats.
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Figure 3.10: Percentage of total cells containing e ither CTB-CMAC or 5-FAM measured using flow
cytometry for C. albicans cells treated with fluorescently labelled peptides . Blue bars represent the
percentage cells positive for CTB-CMAC, including cells that contain 5-FAM-peptide. Green bars represent the
percentage of cells positive for 5-FAM-Peptide, including cells stained with CTB-CMAC. Representation of 3
independent biological repeats.(*: p<0.05, ***; p<0.001, ****: p<0.0001).

At a cellular level, the findings with flow cytometry were evaluated in more detail using CLSM.
Planktonic C. albicans cells were exposed to the labelled 5-FAM peptides for 3 hours. The cells were

then treated with trypsin to remove peptide attached to the cell surface before CTB-CMAC staining
for vacuoles.

Figure 3.11 shows CLSM images of treated and untreated C. albicans cells stained with CTB-CMAC.
Untreated cells showed some intracellular regions of blue fluorescence, indicating vacuole staining
(red circles). Cells treated with 5-FAM-penetratin clearly showed intracellular 5-FAM signals (red
arrows), indicating that penetratin successfully crosses cell membranes and with non-specific
intracellular localisation as described in Gong and Karlsson (2017). Some cells also appear to still

have both 5-FAM as well as vacuole staining (white arrows).

Cells treated with low concentrations of Os mostly showed fluorescence associated with the cell
membrane (yellow arrows). At low concentrations, Os also appeared to localize in the nuclei with blue
CTB-CMAC fluorescence staining of the vacuoles in different locations to 5-FAM-labeled Os (see
insert). Cells treated with higher concentrations of Os have 5-FAM florescence throughout the
cytoplasm indicating that Os crosses the plasma membrane and accumulates in the cytoplasm. Cells
with higher intracellular accumulation of 5-FAM-Os also appeared to have lower CTB-CMAC
fluorescence (red arrows). Some cells appeared to have a bright blue fluorescence. These cells are

most likely less affected by Os, still containing viable intracellular membranes (white arrows).
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Figure 3.11: CLSM images of planktonic  C. albicans cells stained with CellTracker Blue and treated wit  h
free 5-FAM and peptides (penetratin or Os) labelled  with 5-FAM. Arrows indicate C. albicans cells that have
cytoplasmic accumulation of peptide with vacuolar staining (white arrow), plasma membrane with 5-FAM
peptide (yellow arrow) and cytoplasmic accumulation of 5-FAM-Os or 5-FAM-penetratin with no vacuole staining
(red arrow). Scale bars represent 20 pm.
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4 Discussion

Os is an antimicrobial peptide derivative of the defensin OsDef2, with activity against both Gram-
positive and -negative bacteria, as well as the fungus C. albicans (Mbuayama, 2016, Taute, 2017).
The aim of this study was to further investigate the different modes of action of the antimicrobial

peptide Os in planktonic C. albicans cells.

Assays used to evaluate the antifungal activity of drugs, are the RDA and the colony forming unit
assay used to determine the MIC and MFC, respectively. Both methods are time consuming and
consequently the microbroth dilution assay was developed and has been used since the 1970’s for
the rapid testing of activity (Witebsky et al., 1979). The advantages of this assay compared with
traditional methods include being more cost-effective and less time-consuming (Testing, 2008).
However, due to the salt sensitivity of many AMPs, including Os, the use of the microbroth dilution
assay is limited. RPMI used for antifungal microbroth dilution assays is a complex medium of nutrients,
salts, vitamins, amino acids at concentrations and pH that represents a physiological environment.
The high salt content limits the use of the microbroth dilution assay for the rapid screening of AFPs.
To overcome this limitation, the effects of growing C. albicans in media with a reduced RPMI content
was evaluated. In this growth medium, it was necessary to determine if the growth and sensitivity of
C. albicans cells to AmpB was the same as cells grown in 100% RPMI, as used in the microbroth

dilution assay.

Planktonic C. albicans cells were grown in different dilutions of RPMI diluted with 20 mM NaP buffer
(100% RPMI - 1% RPMI/NaP). After 3 hours incubation at 37°C, 10% RPMI/NaP resulted in growth
and cell viability, measured with CTB similar to cells grown in 100% RPMI. Also, the fluorescent signal
difference from CTB between untreated cells and cells treated with 5 uM AmpB was large enough to
clearly distinguish between maximum and minimum signals when constructing inhibition curves. The
percentage inhibition by 5 yM AmpB was similar for C. albicans grown in 100% RPMI and
10%RPMI/NaP indicating that in a medium reduced environment the sensitivity of the cells to AmpB

had not increased.

Using the modified microbroth dilution assay, the 1Cso of AmpB was determined as 0.547 + 0.056 uM
and ICso of Os was found to be 1.163 + 0.116 uM. The ICso of AmpB was similar to 0.26 + 0.01
determined by Troskie et al. (2014) with the standard microbroth dilution assay. The ICso of Os is
comparable to other peptides in literature tested against C. albicans, such as penetratin and pVEC
with 1Cso values of 1 uM and 2 uM, respectively, evaluated with a microbroth dilution assay in YPD
broth (Gong and Karlsson, 2017).

Using the modified microbroth dilution assay the 1Cso for melittin was determined as 1.08 + 0.07 uM
and has a reported MIC of 2.5 uM (Park and Lee, 2009). The I1Cs of melittin is very similar to that of

Os but in contrast to melittin, Os in not cytotoxic to mammalian cells (Table 1.1). Therefore, the further
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development of Os as an antifungal agent is of value. From the dose-response curves (Figure 3.8)
the IC2s and 1C+s values of Os and AmpB were calculated and these concentrations were used in the
mode of action studies. An interesting observation was that Os has a higher IC7s than both AmpB and
melittin despite the fact that all three treatments have similar ICso values. This could be due to the
different modes of action. Some modes of action, such as a drug causing competitive inhibition in a
specific enzyme, cause slower increases in activity compared to a drug that permeabilizes cell

membranes at low concentrations.

Planktonic C. albicans cells were exposed to Os at the ICzs, ICso and 1C7s and their ultrastructure was
evaluated with SEM and TEM. AmpB was used as a positive control as its effects on C. albicans have
been well-described (Pfaller and Diekema, 2007). With SEM the control cells have a typical oval shape
and a smooth outer surface that represents the typical extracellular morphology of C. albicans (Figure
3.4). With TEM, C. albicans cells have a regular rounded shape with a clearly defined plasma

membrane and cell wall with fibrils (Figure 3.5).

At the IC2s of AmpB the cell shape is irregular, and at the 1Cso small evenly dispersed EV or similar
structures are present on the cell wall. Pits and bud scars are also present with signs of extravasation
of cellular contents. At a higher concentration, ICvs, the cells are elongated, with a ruffled surface and
filamentation occurring. Cells treated with AmpB appeared to have blebbing on the surface. As AmpB
concentrations increase, cells seem to become more shrivelled and overall morphologies of cells
become irregular compared to untreated control. This seems to correlate with results found in previous
studies (Bastide et al., 1982). As the main target of AmpB is the membranes of cells, specifically the
ergosterol within membranes (Brajtburg et al., 1990), it is likely that the presence of the small EV is
due to the formation of ergosterol-AmpB extramembranous structures (Laprade et al., 2016).
Disruption of the membranes to the point where cell leakage occurs would also possibly lead to

shrivelling of cells.

With TEM, AmpB appears to affect the cell morphology in a dose-dependent manner. With increasing
concentrations, the cell shape changes from a regular round to ovoid to a sickled shape. Fibrils are
absent and the thickness of the cell wall varies from thin to thick. Another observation was that there
was an increase in the abundance of peroxisomes compared with untreated cells. Some studies have
found that AmpB induces the production of excessive amounts of ROS (Mesa-Arango et al., 2014,
Sokol-Anderson et al., 1986). The observed increase in peroxisomes may be the result of AmpB
induced ROS production. Increased ROS also causes oxidative damage to proteins and membranes,

and damage to cell membranes can result in dysfunction and increased permeability.

Following exposure to AmpB, the cell membrane became irregular while in some areas it was absent
or detached from the cell wall. The organelles, such as vacuoles and nuclei, were localized at the
concave surface. The nucleus appears to be fragmented and the nuclear membrane damage is

similar to that observed in the cell membrane and other intracellular membrane structures.
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The morphology of the cells were altered and elongated with the formation of germ tubes especially
following exposure to the ICsp and ICzs of AmpB. Laprade et al. (2016) identified that AmpB induced
C. albicans filamentation as a protection mechanism, where the formation of biofilms protects against
AmpB induced cell death. Therefore, the formation of germ tubes as observed in Figure 3.3 may be

a protective response to the effects of AmpB.

The effects of AmpB have been evaluated with SEM and TEM by Grela et al. (2019). The proposed
mechanism was that AmpB binds to the cell walls and plasma membranes of mature C. albicans cells
(blue layer) forming ergosterol-AmpB extramembranous bulk forms (Figure 4.1) or is located in the
cell membrane and vacuoles. In the present study, exposure to the ICso of AmpB resulted in the
formation of small EV. Grela et al. (2019) provided no information on the size of the extramembranous
bulk structures and therefore it cannot be concluded that the identified EV are the extramembranous
bulk structures. In the daughter cells AmpB is located in the cell wall and membrane and accumulates
in the vacuoles (Grela et al., 2019). In addition to filamentation, the formation of pores indicates that
the cell wall and membrane integrity is compromised. With TEM Grela et al. (2019) reported that the

formation of blebs and pores is associated with changes in the structure of the cell wall and

membrane.
Candida albicans
plasma membrane daughter cell at the daughter cell at the
rich in ergosterol budding stage budding stage
AmBE presentin
\ ergostercl-AmB
Bl S the cell mambrana
vacuoles loaded
/ with AmB
cell wall cell wall incrusted cell wall incrusted
with AmB with AmB

Figure 4.1: A model of activity of AmpB towards C. albicans. Cells of C. albicans (left) exposed to AmpB.

AmpB binds to the cell walls of mature cells and prevents the formation of a functional cell wall of daughter cells
at the budding stage. AmpB is located either in ergosterol-AmpB bulk extramembranous structures or binds into
the cell membrane and penetrates into the cell (Grela et al., 2019).

Cells treated with Os, observed with SEM, showed changes in overall structure, and effects were

more severe when compared to cells treated with AmpB. Even at the ICys there were clear differences
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in the overall shape of cells with cells adopting an elongated and curved shape. As concentrations of
Os increase, indentations on the cell surface formed. This could indicate cell membrane
permeabilization although it is unknown if this is a direct or an indirect effect, the latter due to binding

of an intracellular target or interference with a biochemical process that results in cellular death.

At the 1C+s of Os, the cells appeared flattened, as if the scaffolding within the cells (actin and other
structural proteins) were affected (Brackley and Grantham, 2010). This could also be as result of the
leakage or loss of the intracellular content. Cells treated with Os appeared very different to cells
treated with AmpB, suggesting different modes of action. For example, no blebbing was seen on the
surfaces of cells treated with Os. AmpB causes increased ROS and this leads to programmed cell
death via yeast metacaspase MCAL. ROS production by Os does not lead to cell death (Table 1.1)
further supporting a different mode of action. There were noticeably less peroxisomes visible in cells
treated with Os compared to cells treated with AmpB, again implying that ROS production does not
cause cellular death. Os appears to have a more severe effect on the overall integrity of the cell
membranes of C. albicans cells compared with AmpB. This implies that Os is membrane targeting
and supports the findings using liposomes (Saccharomyces cerevisiae polar extract and 30%
ergosterol) (unpublished results) that Os targets cell membranes causing 50% leakage at 4 uM. In
the same study, melittin at 0.5 pM caused 50% leakage. Finally, at higher concentrations of Os, the
cell content appeared more electron dense and leakage of the cytoplasmic content or cellular

shrinkage may account for this effect.

Observations from SEM and TEM images of planktonic C. albicans cells treated with Os showed
some correlations such as damage to cell surfaces. Indentations of cell surfaces observed with SEM
images correlate with the membrane damage visible in TEM images. This suggests that the cell
membrane is one of the main targets of Os. Previous studies on Os showed that when testing its
activity against bacteria, Os appears to mainly target that cell membranes as well (Taute, 2017,
Mbuayama, 2016). Finally, there could be a correlation between the flattening of cells seen in SEM
images and the granulation of the cytosol in TEM images. Both observations could be caused by the

precipitation of intracellular structural proteins, such as actin filaments.

Prior to entering fungal cells peptides need to interact with the cell wall components (Han et al., 2016).
Two major polysaccharides present in the cell wall of C. albicans are laminarin and mannan. Peptides
such as Gram-negative binding protein 3 (GNBP3) bind and thereby directly affect the cell wall. While
others such as protonectin do not interact with the cell wall components but rather interact with the
cell membrane and/or other intracellular targets (Mishima et al., 2009, Wang et al., 2015). To
investigate this interaction Os was incubated in the presence of an excess of laminarin or mannan
and then the antifungal activity was determined with the RDA (unpublished results). A reduction in the
activity of Os was observed at 40 mg/mL of mannan or laminarin. This interaction was investigated in

greater detail with ITC at concentrations used by Mishima et al. (2009). The control consisting of

46



EDTA and CaCOs; gave a strong signal indicating 1:1 interaction (Henzl, 2009). At 1:20 and 1:40 molar
ratios no detectable interactions between Os and laminarin or mannan respectively, were observed.
Using the modified microbroth assay, activity of Os was evaluated in the presence of an excess of
mannan or laminarin. At the same concentrations used for ITC, there were no changes in the inhibitory
activity of Os. However, both laminarin and mannan at 20 mg/mL (relative ratio 1:400;

Os:polysaccharide) decreased the inhibitory activity of Os against C. albicans.

No literature was found that evaluated the interaction between antimicrobial peptides and laminarin
or mannan with ITC although several studies investigated the effects using the RDA. Studies on the
interaction between carbohydrate binding proteins and carbohydrates provides important information
on amino acid and secondary structural requirements for binding. Guillén et al. (2010) discussed the
different carbohydrate-binding modules (CBM) found in hydrolytic enzymes with the function of
breaking down polysaccharides. These CBMs are non-catalytic regions in the proteins that assist the
protein in bringing the active site in close proximity with the hydrolysis sites. There are different
classifications of CBMs, but in general there is a need for aromatic amino acids, such as tryptophan
and tyrosine, to bind to the polysaccharide by means of van der Waals interactions. Another study by
Miki et al. (2017) showed that the addition of tryptophan residues to the enzyme endo-1,3-B-gluconase
improves its ability to bind to polysaccharides. The study also showed that certain charged amino
acids, such as aspartic acid, are also essential for binding to polysaccharides. Finally,
Gopalakrishnapai et al. (2006) described the importance of certain tryptophan and aspartate residues
in the CBM of calreticulin, a membrane protein involved in the proper folding of glycoproteins. It is
likely that Os is unable to bind to the cell wall due to the lack of tryptophan and aspartate residues
required for binding. The secondary structure is also important for binding where a [B-sheet
conformation favours binding (Guillén et al., 2010, Takahashi et al., 2014). Simulations and circular
dichroism analysis suggested that Os mainly contains a-helical regions and lacks the required 3-sheet

regions, and therefore based on its secondary structure will not bind.

With both the RDA and the modified microbroth dilution assays, binding between Os and 20 mg/mL
laminarin or mannan decreased Os activity. Using the RDA, Jang et al. (2006) tested the interactions
between the peptide di-K19Hc, a synthetic derivative of halocidin isolated from haemocytes of the
tunicate, and laminarin and mannan. This peptide lost activity in 1 mg/mL laminarin but was unaffected

by mannan. Compared with this peptide, Os generally binds laminarin and mannan poorly.

At higher concentrations, it seems that free laminarin and mannan has an effect on the activity of Os
on planktonic C. albicans cells, but no effects were observed at lower concentrations. Takahashi et
al. (2014) found that the binding of 0.2 mM insect B-1,3 glucan recognition protein to an excess
laminarin (1-5 mM) at a molar ratio of >5 resulted in the formation of a soluble macro-complex
stabilized by strong protein-protein and protein-carbohydrate interactions. This suggests that

interactions between Os molecules and laminarin or mannan and the subsequent formation of a
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macro-molecule complex limits the ability of Os to act as an antifungal peptide. This may account for
the difference between the findings with ITC and the modified microbroth dilution assay. Of concern
is that the concentrations of laminarin or mannan used in the RDA and microbroth dilution assay may
not be physiologically relevant. Therefore, it is unlikely that Os binds to laminarin and mannan on the
cell wall, however, other interactions such as electrostatic interactions between Os and the plasma

membrane may play a role in Os binding to C. albicans.

Os has been shown to be membrane acting (Taute et al., 2015, Mbuayama, 2016), and a further step
in understanding this effect was to determine if Os causes membrane depolarization. Melittin was
used as a control as this peptide causes membrane depolarization and its effects on membrane

permeability and 1Csp is similar to that of Os.

For melittin there was a linear increase in fluorescence while for Os a sigmodal increase in
fluorescence was observed. This indicated that for Os there is a critical threshold before membrane
depolarization occurs. Melittin had a fluorescent signal of 1.0 x 107 at its ICso whereas Os had a
fluorescent signal lower than 1 x 108 at its ICso, showing that melittin had more than ten- fold higher
levels of fluorescence at its ICso. Therefore, when compared to melittin, membrane depolarization is

not a mode of action for Os (Park and Lee, 2010).

The ability of Os compared with melittin to cause permeabilization of liposomes (S. cerevisiae polar
extract and 30% ergosterol) loaded with carboxyfluorescein was determined (unpublished results).
Melittin and Os caused 50% liposome leakage at 0.5 uM and 4 uM respectively. With the SYTOX
green uptake assay, melittin caused a linear increase in fluorescence while for Os there is a curve
reaching a maximum of 70%. Interestingly, at the ICso there is 50% fluorescence, indicating
permeabilization without depolarization. Thus, Os does not cause membrane depolarization as a
primary mode of action but rather permeabilizes the membrane, which then leads to membrane

depolarization.

Other peptides in literature, such as arenicin-1 (a 21-residue peptide which was derived from
Arenicola marina) and APP (a 20-residue peptide that was derived from an amphipathic a-helical cell-
penetrating peptide ppTG20), showed the ability to cause membrane permeabilization in Candida
species at sub-inhibitory concentrations (Li et al., 2016, Park and Lee, 2009). It is important to note
that in these studies, both peptides also caused membrane permeabilization at the same
concentrations they caused membrane depolarization. This could indicate that peptides require the

ability to cause membrane permeabilization in order to depolarize the membrane.

The final objective was to evaluate the effect of Os on the vacuoles of C. albicans evaluated with flow
cytometry and CLSM using 5-FAM labelled Os in combination with the vacuole stain, CTB-CMAC.
5-FAM-Penetratin was used as a positive control as numerous studies have shown its ability to

penetrate bacterial and fungal cell walls and plasma membranes (Gong and Karlsson, 2017, Alves et
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al., 2011). Flow cytometry provided quantitative data on the effect of a large number of cells while

CLSM provided specific information on intracellular localisation.

Cells treated with 5-FAM-penetratin showed strong positive fluorescence for 5-FAM with a low
percentage of the cell population being positive for both 5-FAM-penetratin and CTB-CMAC. This
indicated at the concentration evaluated (10 uM), 5-FAM-penetratin enters planktonic C. albicans cells
and accumulates in the cytoplasm, breaking down intracellular membranes non-specifically. As
described by Gong and Karlsson (2017), the decrease of CTB-CMAC fluorescence in combination
with the increase of 5-FAM fluorescence is a good indicator that the peptide is breaking down

intracellular membranous structures, such as the vacuoles.

Cells treated with 0.5 uM Os showed a strong fluorescent signal for both 5-FAM-Os and CTB-CMAC.
At 6.3 pM there is a decrease in fluorescence for CTB-CMAC and the percentage of cells positive
only for 5-FAM-Os alone is increased. This indicated that at higher concentrations, Os functions
similar to penetratin by entering the cytosol and breaking down intracellular membranes non-
specifically. This correlates with results seen with TEM where intracellular membranes, such as the
nuclear membrane, were damaged. Cells treated with a lower concentration of 5-FAM Os (0.5 pM,
IC2s of unlabelled Os) have higher signals of CTB-CMAC compared to cells treated with higher
concentrations of Os (6.3 uM, IC7s of unlabelled Os). This further supports the membrane targeting

effects of Os.

CLSM images showed complete staining with 5-FAM-penetratin with no staining of the nucleus. The
amount of visible CTB-CMAC in vacuoles was also lower compared with untreated cells. These
findings correlate with results from flow cytometry and were similar to the findings of Gong and
Karlsson (2017) that also found that following exposure, strong 5-FAM-penetratin staining was
observed with little CTB-CMAC staining.

At 0.5 pM, Os mostly localized on the cell membrane and staining of nuclei was observed. The latter
confirms the findings of Taute (2017) that identified DNA as a potential target evaluated with the
fluorescent intercalator displacement assay using pBR 322 vector from E. coli. CTB-CMAC staining
of the vacuoles was also observed. At 6.3 uM all staining was intracellular and the vacuole staining
was reduced. This effect was similar to the effect observed by Gong and Karlsson (2017), for
penetratin, pVEC and SynB where at low concentrations there is both vacuole and 5-FAM-positive
cells but with increasing concentrations the percentage of vacuole and 5-FAM positive cells decreases
and the percentage of 5-FAM-positive cells increases. The proposed mechanism is that yeast
vacuoles are necessary for homeostasis and the loss of vacuoles can lead to toxicity and cell death.
Therefore, cell membrane staining and subsequent localisation to the cytoplasm was associated with
a reduction in vacuolar staining indicating that Os is membrane targeting resulting the loss of vacuoles

leading to cell death.
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Previous studies on peptides such as MAP (synthetic, highly amphiphilic model peptide), TP-10
(fragment of transportan), hCT (derivative of calcitonin), SynB (derivative of the antimicrobial peptide
protegrin), and PAF26 (hexapeptide with antimicrobial activity), have identified that these peptides
are cell penetrating peptides that tend to localize in the lysosomes of mammalian cells with energy-
dependent uptake (Drin et al., 2003, Soomets et al., 2000, Oehlke et al., 1998, Lépez-Garcia et al.,
2002, Mufioz et al., 2012).

The ability of a peptide to enter C. albicans cells is highly dependent on its hydrophobicity and net
positive charge (Gong et al., 2019). More specifically positive net charge has a bigger influence than
hydrophobicity, but generally low hydrophobicity is associated with higher levels of vacuolar
localisation and energy-dependent uptake. Penetratin has a positive net charge of +6, with an overall
hydrophobicity of 33.46 (determined with Thermofisher Scientific peptide analyser software), uptake
was not endocytosis dependent and the proposed mechanism was by micropinocytosis, direct
translocation/pore formation (Gong and Karlsson, 2017). Os has a positive net charge of +6, overall
hydrophobicity of 20.96 and uptake was via endocytosis, nuclear localisation occurred at a
concentration lower than the ICso, but at concentrations above the ICso membrane effects resulted in

the loss of intracellular membrane integrity.
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5 Conclusion and future perspectives

The activity of Os could not be determined using a standard microbroth dilution assay due to it losing
activity in complex media, such as RPMI. A modified version of the microbroth dilution assay was
developed to test Os against planktonic C. albicans. Os showed activity against planktonic C. albicans
cells using the modified microbroth dilution assay with a relatively low ICso value. Controls, such as
AmpB and melittin, were also tested under these conditions and were comparable to the activity of
Os. Although planktonic C. albicans cells are not representative of fungal infections that are usually

biofilms, this method allows rapid screening of peptide activity.

This method is ideal for the rapid screening of salt sensitive AMPs. Once identified, lead peptides can
be modified to be more resistant to high salt concentrations and proteolysis (Balkovec et al., 2014,
Bouffard et al., 1994). This can be achieved by for example using D-enantiomers of amino acids, and
making the peptide more hydrophobic by adding hydrophobic amino acids, such as tryptophan
tagging at the N- or C-terminal (Ramafoko, 2018). Yu et al. (2011) showed that by replacing
tryptophan and histidine residues in AMPs with bigger residues, such as p-naphthylalanine and B-
(4,4'-biphenyl)alanine, the activity of these peptides in high salt concentrations is increased. If a low
ICso is obtained the AMP can be further evaluated for activity using the standard microbroth dilution

assay.

When comparing the effects of Os and AmpB with SEM and TEM on the cell membrane, it appears
that Os has a more drastic and non-specific effect on the cell wall and membrane. AmpB is known to
target ergosterol in the membrane, leading to destabilization and finally the breakdown of the cell
membrane. Os seems to break down the membrane in a more direct manner and may lead to the
formation of membrane lipid micelles resulting in large pores and cell rupture. Additionally, there is a
significant amount of extracellular blebbing seen on cells treated with Os (Figure 3.3). TEM images
of C. albicans cells treated with Os also showed large groups of peroxisomes and granulation within
the cytosol. The formation of peroxisomes is most like due to Os affecting mitochondria, possibly
breaking down mitochondrial membranes. Granulation within the cytosol is most likely precipitation of

intracellular proteins but more experimentation is required to confirm this.

Several models have been proposed to explain the membrane acting effects of AMPs. The extent
and the size of pore formation and possible mechanism can be determined using dextran of different
sizes labelled with fluorescein. The size of the labelled dextran that enters treated cells will provide

an indication of pore size and possibly provide information on the mode of action (Moore et al., 2018).

Os does not bind laminarin or mannan at physiological concentrations and therefore does not disrupt
the integrity of the cell wall through binding of these components. Very high concentrations of cell wall

components, much higher than what would naturally be found in a suspension of planktonic C.
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albicans cells, were required to affect the activity of Os. The ITC results also showed no detectible

interactions between Os and the cell wall components of C. albicans in buffer solution.

Using liposomal environments or whole cells (Lakshminarayanan et al., 2014, Alves et al., 2011), the
ability of Os to bind to the cell wall and membrane can be determined more accurately. Additionally,
Os could be modified to more closely resemble CBM’s, such as adding tryptophan and aspartate
residues at key points in the sequence, so that Os can better bind cell wall components (Miki et al.,
2017). Os can also be tested for interactions with ergosterol, an important component in the stabilizing
of the plasma membranes of fungi. A large group of antifungal drugs, known as polyenes, are already
known to target ergosterol in the plasma membranes of fungal cells (Campoy and Adrio, 2017). By
using antagonism between azoles, a group of drugs known to inhibit the production of ergosterol in
fungal cells, and polyenes, the ability of Os also to bind ergosterol can be determined. If Os shows
the same antagonism as seen between AmpB and an azole, it could indicate that ergosterol is needed

for the activity of Os (Vazquez et al., 1996).

Os does not induce membrane depolarization. If membrane depolarization is a primary mechanism
associated with permeabilization, depolarization would occur at lower concentrations. In general,
antimicrobial drugs that are known to cause membrane depolarization target specific membrane
proteins responsible for maintaining polarized cell membranes (Liu et al., 2015). This further supports

the finding that Os is predominantly membrane targeting.

To confirm that membrane depolarization is not a primary mode of action more specific methods are
required, which include investigating the interactions between the peptide and specific membrane
proteins responsible for membrane depolarization (Wenzel et al., 2014). Also, the ability of Os to
inhibit the intracellular synthesis of membrane proteins required for membrane polarization (Graf et

al., 2017) can be investigated.

The CLSM images indicated that Os is able to penetrate C. albicans cell membranes, especially at
higher concentrations. At lower concentrations, Os seems to primarily localize within the cell
membranes of C. albicans and in some cells, Os is concentrated in what appears to be the nuclei,
confirming previous findings where it was shown that Os interacts with double-stranded DNA (Taute,
2017). To confirm this observation DNA can be isolated from C. albicans and 5-FAM-Os can be used
to determine the binding ability to fungal DNA with gel electrophoresis. Some staining of the vacuoles
is observed. At higher concentrations, Os appears to localize none-specifically. With flow cytometry,

the loss of vacuole staining at concentrations lower than the 1Cso was confirmed.

Further investigation is required to better understand the mechanism of Os uptake. A previous study
by Li et al. (2019) on a peptide known as CGA-N9, a derivative of human chromogranin, used sodium
azide (NaNs) to show that the peptide was able to enter cells in an energy independent manner. Using

a similar strategy Os uptake into cells was found to be via endocytosis (unpublished results). Using
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the selective inhibitors, 5-(N-ethyl-N-isopropyl)-amiloride, cytochalasin D and heparin the uptake of
Os via micropinocytosis can be determined. Gong and Karlsson (2017) reported that the uptake of
peptides could be either energy-dependent or energy-independent. AMPs that cause membrane
permeabilization generally enter fungal cells in an energy-independent manner. This means that Os
most likely enters C. albicans in an energy-dependent manner at lower concentrations. As the
concentration of Os increases and it starts to permeabilize the membranes of cells, it starts to enter
cells primarily through energy-independent pathways. This can be investigated further by using time-

and concentration-dependant studies in the presence of NaNs.

In conclusion, this study has found that the main mode of action of Os in planktonic C. albicans cells
is firstly to bind to the cell membrane, then to translocate and possibly bind DNA, with no
depolarization occurring. At a higher concentration above the 1Cso, Os accumulates in the cytoplasm
and destruction of membranes including that of vacuoles leads to cell death. What is possibly the
most interesting aspect of Os is its selectivity for bacterial and fungal plasma membranes, with limited
effects on the cell membrane of mammalian cells (Taute, 2017). Therefore, it will be important in future
studies to undertake detailed studies regarding the interaction between Os and the negative
components of the cell wall and membranes including proteins or specific lipid polar head groups with

techniques such as molecular dynamics (Manzo et al., 2019).
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