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Abstract

The opportunistic pathogen Cryptococcus neoformans is the major causal agent of cryptococcosis
and cryptococcal meningitis in HIV patients worldwide, and increasing evidence of antifungal
resistance demands that new therapeutic targets are investigated. Here, we review the roles of
mitochondria, respiration and metabolism in C. neoformans pathogenesis and discuss the role of
the Alternative Oxidase enzyme (Aox). Our data suggests that C. neoformans was sensitive to
mitochondrial disruption and that resistance of this organelle to stress is partly linked to Ypk1, a
kinase involved in lipid biosynthesis pathways. We propose that Aox1 plays an important role in the
decision to enter quiescence when mitochondria are placed under respiratory stress, potentially as
part of a metabolic checkpoint. Investigations into efficacy of the antimicrobial agent sodium nitrite,
and the effects of novel, putative fungal-specific inhibitors ALTOX094 and ALTOX102 are discussed.
We found that these compounds had potential as dual inhibitors of Aox and cytochrome bc+, which
reduced C. neoformans growth and viability. However, these drugs had variable effects on
respiration, indicative of different mechanisms of mitochondrial disruption. We suggest that tackling
C. neoformans infection through mitochondrial inhibition presents a viable future direction for
research. Further investigations to extend our findings around the role of mitochondria and
metabolism in the control of quiescence may reveal new approaches to tackle the pathogenicity of

C. neoformans.
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1. Introduction

Fungal pathogens are responsible for over one billion human infections and over 1.6 million deaths
annually™, as well as a third of all global crop failures® . However, despite the threat that fungal
strains present to animal species and the threat to food security worldwide, they remain under-
researched® 6. Cryptococcus neoformans, an opportunistic human fungal pathogen which is the

causal agent of cryptococcosis and cryptococcal meningitis in humans’, is the focus of this study.

1.1 Cryptococcosis

1.1.1 Clinical presentation and prevalence

While C. neoformans infections can be fatal, the fungus can be isolated in many regions around the
world as a haploid budding yeast, although it has also been documented to grow in a filamentous
form through a defined sexual cycle®. The fungus itself is relatively abundant and has been found in
different soil and tree types, as well as in pigeon faeces® '°. However, invasive cryptococcosis only
affects immunocompromised people such as those with HIV or patients treated with
immunosuppressant drugs™. It is estimated that there are 223,100 cases of AIDS related
cryptococcal meningitis per year, attributing 19% of global AIDS related deaths'?, with most cases

surfacing in sub-Saharan Africa and countries such as Brazil and Thailand™3.

In immunocompromised patients, pulmonary cryptococcosis presents as a pneumonia-like iliness,
with coughing, chest pain and fever'. Development into cryptococcal meningitis starts with
headaches and a high fever, which ultimately leads confusion and behavioural changes' 8.
Treatment regimens rely on combination treatment of Amphotericin B and Flucytosine, followed by
maintenance with Fluconazole for up to 12 months'. However, the varied nature of symptoms
presented by patients infected with C. neoformans can lead to prolonged misdiagnosis, and
inconsistencies in maintenance of the treatment program has led to increases in antifungal
resistance™ ™. This includes C. neoformans heteroresistance to Fluconazole®* and evidence of

resistance providing cross-tolerance to other drug classes through aneuploidy?'. Anti-fungal
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resistance within C. neoformans populations has pushed for new alternative anti-fungal targets and
better diagnostic tools for earlier detection of cryptococcosis, including antigen screening

programmes to initiate earlier lumbar punctures in asymptomatic patients?.

1.1.2 Cryptococcosis: Host invasion

Invasive cryptococcosis starts with the inhalation of C. neoformans basidiospores into the lungs,
which form from fruiting bodies and are only 1-2uM in diameter?-?%, allowing for efficient alveolar
penetration. Studies suggest that the cell surface of spores facilitates them to survive in harsh
environments, including levels of high ultraviolet light (UV) and marked resistance to dry conditions?,
which is attributed to the spore coat. The spore coat has multiple polysaccharide components,
displaying high levels of N-acetylglucosamine, glycoproteins and glucuronoxylomannan (GXM)%.
This, in conjunction with studies showing that genes for the capsule biosynthesis pathway are also
activated for sexual development and sporulation?®, may explain the abundance of this
polysaccharide in the mature yeast capsule. Once inhaled, the Macrophage Pattern Recognition
Receptor (PRR) Dectin1 recognises (-(1,3)-Glucan, and CR3, a leukocyte adhesion receptor,
recognises other B-Glucans and mannose present on the spore coat®. These spores are readily
ingested by alveolar macrophages, and provided they germinate before ingestion, can survive in the
acidic environment of the phagolysosome?. The phagolysosome derives from a nascent
phagosome that serially fuses with endosomes and lysosomes, and development of the mature
phagolysosome is mediated by Rho, Rab and Arf GTPases, which has been well reviewed?. The
mature phagolysosome has characteristics of lysosomes in that it is highly acidic (~pH 4.5) and is
rich in hydrolases, including cathepsins, lipases, proteases, and lysozymes?°. This environment
disrupts the regular metabolism of engulfed fungi and consequently prevents the use of microbial

metabolites for growth and survival.

Exact mechanisms for C. neoformans recognition and phagocytosis by macrophages is still unclear.
It is presumed that efficient phagocytosis may be dependent on the M1/M2 polarisation pathway

and the use of opsonins and PRR for pathogen-associated molecular pattern (PAMP) recognition®.
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However, recent studies have identified that in the lung environment, non-opsonising uptake is
integral for determination of disease progression, which involves Toll-like Receptor 4
(TLR4)/Macrophage Scavenger Receptor 1 (MSR1) crosstalk®'. Investigations suggest that the use
of MSR1, mediated by TLR4, involves multiple signalling pathways for fungal uptake, including SYK,
PI3K, p38, and ERK1/2 activation through FcyR receptor activation®'. Interestingly, both cholesterol
and sphingomyelin, key components of lipid rafts, are essential for FcyR receptor activity, namely
FcyRIlI-mediated phagocytosis of C. neoformans®. These studies indicate that details of phagocytic
interactions between macrophages and C. neoformans are multifaceted, but still require further

investigation.

1.1.3 Escape and Dissemination

While C. neoformans can resist the harsh conditions of the phagolysosome, pathogenic transfer and
host evasion are still required for survival and dissemination. There are three known mechanisms
of escape from phagocytes that have been reviewed?3: lytic exocytosis, vomocytosis, and
dragotcytosis, although the exact signalling mechanisms behind these processes still requires
further research. Lytic exocytosis ruptures the host cell, thought to arise from rapid cryptococcal
proliferation®*, and although this process has been observed?® 3¢, cryptococcal cell fate after lytic
expulsion is not well documented. Vomocytosis, also known as non-lytic expulsion, involves the
escape of C. neoformans from phagocytes like macrophages and dendritic cells without causing

harm to the host cell or incurring damage itself.

Vomocytic mechanisms are thought to be highly regulated in C. neoformans®, including the use of
Rab GTPases %, ERKS5 signalling 38, cathepsin 3° and Annexin A2 activity #°. This involves processes
such as actin depolymerisation, phagosome extrusion and antibody agglutination*! 42, Once
engulfed, if lytic exocytosis through rapid proliferation is not initiated, lateral transfer or
‘dragotcytosis’ can occur, whereby ingested C. neoformans may be engulfed by a neighbouring

phagocyte shortly after non-lytic expulsion*:.
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While the molecular signalling mechanisms behind dragotcytosis are unknown, evidence suggests
that there is no observable cross talk between adjacent donor and receiver macrophages involved
in the process3* 43, It could be postulated that dragotcytosis could simply occur due to close proximity
of localised macrophages that actively take up C. neoformans, regardless of local vomocytic events.
In any case, anti-inflammatory, minimally damaging transfer mechanisms could account for the
persistence of the latent infection and the insidious symptoms seen in early-onset patients infected

with C. neoformans**.

Transcytosis, the process in which C. neoformans transmigrates across the blood-brain-barrier
(BBB), relies on both adhesion to the endothelial barrier through glycosaminoglycan (GAG) binding*
and changes in cryptococcal capsule size and structure“®. Interestingly, while signalling mechanisms
behind BBB migration still require further investigation, studies have shown that C. neoformans can
induce actin cytoskeleton reorganisation in host endothelial cells, resulting in membrane ruffling and
swelling of the mitochondria and ER3* 47, This alteration of cytoskeletal morphology in host cells is
thought to contribute to cryptococcal migration across the BBB, which is a major step in the
advancement of the infection and contributes to late-stage subacute meningitis. It has been
proposed that dragotcytosis may enable the localisation of C. neoformans to the BBB to initiate
transcytosis #* 48, Following transcytosis, astrocytes which regulate the BBB and form a secondary
component, the glia limitans, provide homeostatic protection against CNS infection from C.
neoformans*®. Secondly, reactive astrocytes within the brain are thought to undergo astrogliosis to
promote resistance to the infection via complement protein and neurotrophic factor expression. The
reviewed interactions between astrocytes and C. neoformans* suggest that beside homeostatic
support, astrocytes could potentially induce cell-mediated immunity through recruitment of

phagocytes via MHCII upregulation.

While these dissemination mechanisms require further investigation, both escape from phagocytes
and fungal migration require high levels of metabolic flexibility not only for physical transmigration

but for adaption in nutrient-limited conditions. This includes the acidic phagolysosome, which
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disrupts metabolism and prevents the use of normal metabolic intermediates, and so investigations

into C. neoformans ability to utilise non-standard metabolites should be explored.

1.2 Pathogenicity and Virulence

1.2.1 Cell morphology and the capsule

A notable virulence enhancing trait of C. neoformans is the polysaccharide capsule, a dynamic
defence mechanism against environmental pathogens such as amoebae and macrophages in the
host*®, which acts as a barrier to phagocytosis®'. While the C. neoformans capsule is integral to
survival, exact signalling mechanisms behind capsular growth and plasticity are unclear. However,
known roles include inhibiting inflammatory cytokine production, depletion of complement
components, and evasion of phagocytosis®2. Furthermore, the capsule also serves as a ROS
scavenger in macrophages and permits resistance to antimicrobial peptides and Amphotericin B2,
Capsule growth can be induced in vitro using low iron, high CO2 and mammalian serum®+¢, Capsule
sizes vary based on clonal populations and growth conditions, with fluxes of rapid capsular growth
reaching up to 2.5um3/min, markedly faster than cell body growth (0.3 pm3/min)%’. Rapid capsular
remodelling is thought to be energetically demanding and therefore dependent on mitochondrial
activity, as evidence suggests that capsule enlargement directly correlates with an increase in

mitochondrial membrane potential and an increase in ROS production® (Fig. 1.1).

The capsule is involved in evading macrophage-based recognition, including impairment of
macrophage recognition of cell wall epitopes®, which is thought to be attributed to adjustment of
surface B-glucan levels® and high antigenic variation*. This variation derives from the structural
heterogeneity of GXM, which includes a repeating monosaccharide major triad, like a six-residue
repeating unit followed by one or more minor triads, such as 1,2 xylose side chains that can form
in multiple combinations and therefore provide differing glucuronic acid positional effects®’ 2.
Approximately 90% of the mature capsule is formed of glucuronoxylomannan (GXM)® which
contains O-acetylated a-1,3-linked mannose residues with xylosyl and glucuronyl side groups®°.
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Another key component in capsular formation is glucuronoxylomannogalactan (GXMGal), an a-1,6-

linked galactose polymer with mannose, xylose, and glucuronic acid modifications®.

Evidence shows that capsule size and signalling is organ-specific. For example, capsular cells
extracted from lung tissue are larger than those extracted from cranial samples and include titan
cells*®, which may account for delays in immune recognition and prolonged asymptomatic infection®-
67, Extra-pulmonary cell sizes are heterogenous, with studies citing median diameters of cells
extracted from the blood, spleen and brain at 12.7uM, <15uM, and <10 pM, respectively®®. However,
early phase dissemination requires the use of seed-cell morphotypes which are <6 uM in size®.
Seed cells, as well as titan daughter cells called titanites, are thought to be important in extra-
pulmonary dissemination, invasion and proliferation. However, seed cell presence is not preceded
by titan cell activation and is interestingly linked to phosphate acquisition, whereby phosphate
sourced from either bird guano or tissue damage drives a production of small cell phenotypes®:.
Large capsule sizes, however, have been noted as a key characteristic of titan cells, a phenomenon
where C. neoformans cells are found between 10uM and 100uM in diameter, with a large cell body,
a thick cell wall and highly cross-linked capsule’®72. These titan cells are generated during nutrient
starvation and hypoxia in vivo and are thought to be resistant to multiple stresses including
phagocytosis™. However, signalling mechanisms behind titan cell formation and roles in

pathogenicity are still under-researched due to the difficulties replicating titan cell induction in vitro™.

Capsule production and maintenance is a highly regulated process that places a large metabolic
demand on the cell. Adaption of signalling pathways in relation to the host environment, and
adaption through early, mid and late-stage infection are required for capsular growth and increased
virulence. Several signalling pathways are involved, including at least 35 genes for capsule
biosynthesis, such as CAP10 and CAP60, the cAMP and HOG pathways, iron sensing mechanisms
and chromatin remodelling’. Several transcription factors such as Yap1, Gat201, Ada2, and Bzp4
were involved in capsule production and regulation of capsule-related genes™. Interestingly,

transcript analysis for energy metabolism was associated with capsule production during infection,
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such as downregulation of ATP synthesis in initial infection, increased transcription of HXS1, a high-
affinity glucose transporter, and upregulation of ATP synthesis in late-stage infection®. This indicates
not only that capsule production and development places large energy demands on the cell, but that
energy dependent resistance mechanisms for adaption to host induced stress is integral for fungal
virulence. Given the known links between capsule size and metabolism, is important that
investigations into mitochondrial function in C. neoformans and its impact on capsule size and

virulence are investigated.

1.2.2 Extracellular vesicles and fungal interactions

Capsular polysaccharides like GXM are abundant on the cell surface and have been found in
extracellular vesicles (EVs), along with other virulence enhancing molecules including urease, RNA,
antioxidant proteins, laccase, proteases and lipases’™ 7. EVs are integral in fungal membrane
signalling and are also produced by other human fungal pathogens, including Candida albicans,
Candida auris, Histoplasma capsulatum, and Paracoccidioides brasiliensis’-"°. While EV signalling
is not wholly understood, studies suggest that C. neoformans can modulate EV production to enable
azole resistance® and C. neoformans derived microvesicles (CnMV) can enhance cryptococcal
transfer across the BBB?®!, both of which contribute to pathogenicity. Interestingly, fungal EVs have
also been implicated in intraspecies intracellular communication®. Given that C. neoformans
originates from rich polymicrobial environments, evidence suggests that Amoebae such as
Acanthamoeba castellanii and Dictyostelium discoideum form long term environmental interactions
with C. neoformans, including Wiskott-Aldrich syndrome protein and Scar Homolog (WASH)
mediated exocytosis and a vomocytosis-like exocytotic process of C. neoformans®®. As these
environmental interactions show similarities to interactions with macrophages in the host, adaptive
mechanisms developed in these environmental interactions are thought to contribute to the
enhanced ability of C. neoformans to evade phagocytic killing in the human host and aid in its
dissemination’ 84, While in-depth discussion surrounding amoeba interactions are outside the scope

of this thesis, it is worthwhile to note the importance of capsular adaptability in different niches and
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how long-term environmental interactions may pertain to evolutionary adaptions that consequently

benefit dissemination and proliferation in the host environment.
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Figure 1.1: Protective and productive roles of the C. neoformans capsule.

Schematic illustrating known capsule production mechanisms and examples of cellular
protection against environmental stresses. Production mechanisms include generation of GXM
components of EVs for extracellular signalling and rapid capsular growth and titanisation
initiated from increases in ROS, CO2 and nutrient starvation. Protection mechanisms include
evasion of phagocyte recognition, antifungal drug resistance, and protection against
environmental interactions with Acanthamoeba castellanii and Dictyostelium discoideum.

1.2.3 Signalling adaption to stress within the host
Although the capsule is a key structure for pathogenicity, C. neoformans has a plethora of molecular
virulence factors for use against host innate defence systems. Alveolar macrophages in the host

rely on multiple signalling mechanisms to counteract C. neoformans proliferation, including elevating
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free radicals to enhance oxidative and nitrosative stress®, and elevating copper levels®. Excess
copper can be negated by C. neoformans whereby copper homeostasis machinery such as Cuf1
directs downregulation of copper importers and upregulation of copper-detoxifying metallothioneins
such as CMT1 and CMT2%. Interestingly, high copper levels in the lungs but a marked decrease in
copper levels in the brain initiates a switch between copper detoxification and acquisition &’. This is
indicative that C. neoformans signalling allows for rapid adjustment to fluctuating conditions within

the host, perhaps through cross-talk between protein regulation pathways.

To tolerate oxidative stress induced by alveolar macrophages, C. neoformans undergoes
melanisation. Melanisation utilises both the cyclic adenosine monophosphate (cCAMP) and high-
osmolarity glycerol response (HOG) pathways for induction of laccase enzymes such as Lac1%:8°,
as well as I-3,4-dihydroxyphenylalanine (L-DOPA) as a precursor for melanin production®. Complex
regulation through kinase cascades synthesise melanin and ensure deposition at the cell wall, where
a melanin coat is formed?®®. Melanin production has been shown to enhance resistance to ionising
radiation, oxidative stress, acidic conditions, and antimicrobial compounds, making the melanin coat
critical for pathogenesis®'. This may be in part due to the ability of melanin itself to neutralise ROS,
and the laccase enzymes responsible for its synthesis can sequester and oxidise iron during
infection®2. In C. neoformans, iron acquisition is integral for pathogenicity, melanin production and
azole resistance %. This involves ferric reductases like Fre4 and iron uptake components such as
Cfo1°* with studies showing that an excess of iron exacerbates the onset of meningoencephalitis in

murine models®.

Murine and rabbit models have not only been used to study drugs that affect disease progression
such as corticosteroids like dexamethasone and methylprednisolone % % but also the effect of
mammalian temperature on C. neoformans dissemination® . Most basidiomycetes are unable to
survive temperatures above 35°C, including species like Cryptococcus podzolicus, regardless of
their capsule and melanin-forming abilities'®. However, C. neoformans is able to grow at the

elevated temperatures of the host®. The ability to grow at human body temperature has been
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attributed to a number of stress response pathways including mitochondrial proteins such as
manganese superoxide dismutase (SOD)'"" trehalose biosynthesis'®?, HOG signalling, Ras
signalling and cell wall integrity pathway'%-'%. Evidence also suggests that gene expression linked
to chromatin remodelling is heavily regulated by the histone acetyltransferase Gen5 during growth
at 37°C % which allows for host-induced transcriptional responses and increases genomic

stability® 197

1.2.4 Genome plasticity and heteroresistance

As has been reported for many fungal pathogens, the adaptation to environmental challenges, such
as elevated host temperatures or innate defence mechanisms requires highly functional genomic
plasticity'®. In C. neoformans, this is partly attributed to variations in karyotype and chromosome
copy number (aneuploidy)'®, an occurrence also observed in Candida albicans™®. Increased or
decreased copies of chromosomes can directly affect gene expression and protein synthesis, and
while this can be associated with an overall decrease in cell fithess'" it may allow for adaptability to
stress and could facilitate latent survival in the host. C. neoformans appears to utilise copy number
variation (CNV) as a means to acquire stress tolerance, with aneuploidy being reported to increase
rapidly during infection'!. Evidence suggests that titan cells are genetically unstable and are known
to produce highly aneuploid daughter cells'2, which may contribute to a stress tolerant infection via

generation of genetically varied progeny.

Aneuploidy has been linked to drug heteroresistance, a phenomenon whereby fungal colonies within
a population will show variable growth as an adaptive response to antimicrobial agents.
Heteroresistance linked to aneuploidy can therefore lead to a resistant subpopulation of cells that
can re-grow or persist during drug re-exposure'3. This includes C. neoformans persister cells,
classified as a non-growing, strongly tolerant subpopulation, arising from a heterogenous
population™* of which ergothioneine-mediated persister cells have been documented following
Amphotericin B treatment'®. Increasing incidences of Fluconazole heteroresistant clinical isolates

of C. neoformans originating from HIV patients in Brazil''®, Thailand"”, Cambodia''® and Tanzania®
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have led to trials of combination therapy approaches. Evidence suggests that Fluconazole
monotherapy has now been deemed ineffective in the face of emerging resistance. It may be the
case that exposure to one drug class, such as an azole like Fluconazole, may provide cross-
adaption to other drug classes via aneuploidy. This is supported by the current recommended
treatment guidelines for C. neoformans, which include a combination of Flucytosine, Amphotericin
B, and Fluconazole for efficient containment and treatment of cryptococcosis'”. Genomic adaption
through aneuploidy poses a threat to current antifungal treatment options, which calls for

investigations into novel antifungal targets and new collaborations for combination therapies.

In light of increasing cases of heteroresistance, new antifungal targets must be researched.
Mitochondria may prove to be a useful target because of links to virulence, and so the following

material has been written and submitted as a review article.
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1.3.1 Abstract

Fungal pathogens present a growing threat to both humans and global health security alike.
Increasing evidence of antifungal resistance in fungal populations that infect both humans and plant
species has increased reliance on combination therapies and shown the need for new antifungal
therapeutic targets to be investigated. Here, we review the roles of mitochondria and fungal
respiration in pathogenesis and discuss the role of the Alternative Oxidase enzyme (Aox) in both
human fungal pathogens and phytopathogens. Increasing evidence exists for Aox within
mechanisms that underpin fungal virulence. Aox also plays important roles in adaptability that may
prove useful within dual targeted fungal-specific therapeutic approaches. As improved fungal
specific mitochondrial and Aox inhibitors are under development we may see this as an emerging

target for future approaches to tackling the growing challenge of fungal infection.
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1.3.2 Introduction

Given the prevalence of fungal pathogens and their innate ability to overcome antimicrobial
challenges presented by the host, there is a growing need to conduct research into new antifungal
targets and strategies to prevent fungal infection. As active infection and dissemination is thought to
be energetically demanding, mitochondria could prove to be a useful target against plant fungal
pathogens™® and growing evidence, driven by an increase in our understanding of respiratory chain

physiology, suggests that inhibitors may also be developed to tackle human infection 121,

1.3.3 Fungal Respiration

As with many eukaryotes, fungal pathogens possess a well conserved classical Electron Transport
Chain (ETC) which is used to generate a proton motive force (PMF) that can drive ATP synthesis,
which is important for the numerous processes that mitochondrial function supports. Forward
electron transfer through the respiratory complexes (FET) provides the thermodynamically favoured
reaction that is coupled to oxidative phosphorylation and ATP production. However reverse electron
transfer (RET) can occur, whereby electrons flow backwards through Complex |. RET is thought to
be induced by reduction of the Ubiquinone pool (UQP) to between 40-60%, requiring a high PMF, a

large thermodynamic driving force, and a high ApH'%.

Sites for mitochondrial Reactive Oxygen Species (ROS) production, namely superoxide (O2™)
generation, include Complex | and Complex Ill, particularly sites Ir, la and lllao'?. Site lq is
responsible for most of the superoxide production during RET, whereby electrons are forced into
Complex | through a high QH2 / Q ratio and high PMF'?2, Both FET and RET can generate
superoxides'?, whereby production and removal depend on substrate availability (like succinate
oxidation, which drives RET'2) QH2/Q ratio, rate of oxygen consumption, and mitochondrial
dysfunction or inhibition'?2. The multifactorial nature of ROS generation and management requires
continual homeostasis, as ROS are essential within diverse cellular processes in both host and

pathogen'?, but highly inflated ROS levels have been attributed to mitochondrial disease’.
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Induction of ROS production has also been implicated in the mode of action of several antifungals'?:
127 suggesting a role for mitochondria and/or redox homeostasis as a target in current therapeutic
approaches. However, understanding the full signalling mechanisms of ROS within fungal

pathogenesis represents a growing field of study.

Intuitively the conservation of the classical ETC provides a barrier to its development as an attractive
target for human fungal pathogens. However, fungal specific differences that are essential for
function have been reported, such as alternative NADH dehydrogenases, which may bypass
Complex | activity'? 12°, One key difference in the respiratory chain of many human fungal pathogens
is the presence of a cyanide-insensitive alternative oxidase (Aox), which is not found in mammalian
mitochondria. Aox branches from the main respiratory chain at the level of the UQP (Fig. 1.2) and
has a catalytic di-iron centre orientated towards the mitochondrial matrix. Interestingly, this
membrane-bound oxidase is non-proton motive, and therefore does not have a significant role in
ATP production, but rather oxidises ubiquinol and reduces oxygen to water, bypassing the ETC prior
to proton translocation by complexes Ill and IV (Fig. 1.2). However, there is evidence for ATP
generation through the Aox/Complex | pathway in Botrytis cinerea' '3 and inhibition of Aox in
Gaeumannomyces graminis leads to a decreased rate of ATP synthesis™’, indicating that the extent

of Aox involvement in ATP generation may be species specific.
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Figure 1.2: Schematic of the Electron Transport Chain (ETC) found in fungal pathogens.
Both a classic ETC and an alternative respiratory chain are found in most fungi. Where known,
crystal structures of the ETC components are shown [Complex |, Protein Data Bank (PDB)
3M9S42°, Complex Il PDB 3VR8 42!, Trypanosomal Aox PDB 3VV9223, Complex Il PDB 1KYO 42,
Complex IV PDB 8DH6 (to be published), ATP Synthase PDB 1Q014%]. Aox branches from the
main respiratory chain at the level of the UQP. This pathway produces little ATP, but instead
dissipates energy as heat and bypassing proton transfer through downstream Complexes Ill and
IV. Known inhibitors of each ETC component are listed in red. Created with BioRender.com.

While Aox is not found in mammals, it is highly conserved amongst pathogenic fungi. Some fungal
species like Aspergillus niger, Aspergillus flavus and Candida albicans have multiple isoforms'32 133,
there are notable exceptions, for example in Candida glabrata and Pneumocystis jiroveci, which,
like Saccharomyces cerevisiae, do not contain a multi-subunit Complex | or Aox. It may be the case
that Crabtree positive yeasts, that primarily use aerobic fermentation for increased growth rates
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under high glucose availability'*, do not require an Aox for mitochondrial homeostasis, as growth is
predominantly supported by fermentation rather than respiration. Crabtree negative yeast, which
utilise respiration for energy generation such as Candida albicans and Cryptococcus neoformans,
have retained Aox and maintain metabolic flexibility by utilising both alternative and glucose carbon
sources. This flexibility may contribute to host colonisation and virulence in the nutrient-scarce
host™4+13" whereby presence of Aox in fungal pathogens may also assist in the maintenance of
mitochondrial function upon immune challenge, the regulation of ROS production, and

pathogenesis'3-140,

Interestingly, fungi have been shown to utilise multiple respiratory pathways, for example Aspergillus
nidulans can alternate between both classical and alternative respiratory pathways to generate
sterigmatocystin, a precursor to Aflatoxin B1 32 1. A third ‘parallel’ respiratory chain (PAR),
in Candida albicans and Candida parapsilosis has been proposed'? 43 which may contribute up to
10% of total respiration capacity. The ability to utilise alternate routes of respiration suggests that
these yeasts may have evolved within an environment that presents regular and significant
challenges to electron transport. Alternately, it may be that alternate respiration supports signalling
and metabolic changes that are required for adaptability within changing environments. This may
include factors produced by competing or co-colonising microbes that damage or inhibit growth4,
such phenazine production by Pseudomonas aeruginosa'®, or detoxification of nitric oxide (NO)
released by host cells during infection'® 47, This could also involve nutritional challenges that limit
access to key metabolites, co-factors that support respiration or environmental challenges such as

temperature variation or oxygen availability 44 148,

1.3.4 The role of mitochondria in fungal pathogenicity
An increasing interest in fungal respiration has highlighted several mitochondrial roles which are
thought to contribute to human fungal pathogenicity'*°, although some of the signalling mechanisms

behind this involvement are still unclear. Respiration deficiency leads to diminished virulence in mice
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intravenously infected with Candida albicans™®, and respiratory inhibition with sodium nitroprusside
(SNP), an NO donor, and salicylhydroxamic acid (SHAM), an Aox inhibitor, reduces Candida
albicans cell viability and increases phagocytic uptake by macrophages'#2. Increased phagocytosis
has also been seen after treatment of Candida albicans with the Complex Il inhibitor Antimycin A,
thought to be attributable to B-glucan exposure'™'. However, pre-treatment of the cells with SHAM
and SNP prior to murine infection exhibited increased virulence through transcriptional changes and
cell wall remodelling, presenting a higher renal fungal burden, and increased immune infiltrate than
untreated cells'2. This data therefore indicates that mitochondrial signalling mechanisms need to

be investigated further.

Active infection and dissemination inside the host is presumed to be energetically demanding for
pathogenic yeasts, especially for switches to hyphal growth forms for Candida albicans via the
Ras1/cAMP/PKA signalling pathway'? %3, Other instances of increased respiratory demand for ATP
in Candida albicans include escape from macrophage engulfment through catabolism of amino
acids for morphogenesis'™®*. This increased ATP demand could be attributed to the action of ATP-
driven pumps belonging to the ATP Binding Cassette family (ABC). ABC transporters are profound
influx-efflux pumps that rely on ATP hydrolysis to transport a variety of molecules, including sterols,
metabolites, and drugs, proving crucial for pathogenic activity of Magnaporthe grisea'?® ¢ and are
thought to contribute to the multi-drug resistant phenotype seen in Candida auris™’. As well as heavy
reliance on ATP production, Vacuolar ATPases (V-ATPases) generate a pH gradient through ATP
hydrolysis which drives secondary transporters to maintain cellular ion homeostasis. This process
requires Ergosterol for optimal V-ATPase function and is sensitive to combination treatment with
both Fluconazole and Amiodarone in the Candida albicans murine candidiasis model'®. These
investigations prove that ATP is crucial for a variety of processes that underpin fungal pathogenesis,

although this could be in combination with other mitochondrial signalling pathways.
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The maintenance of mitochondrial morphology for stress tolerance and virulence is highlighted in
Cryptococcus neoformans, whereby fully functioning inherited mitochondria from the MATa parent
are critical for growth under fluctuating temperature, low oxygen availability and iron regulation™"
159162 Defects occurring in Complex |, Il or IV can impair conidiation and sexual development of the
yeasts Neurospora crassa and Podospora anserina, even when alternative NADH dehydrogenases
are present, and respiration is maintained by Aox'®*'"1. Interestingly, a mutation in the Cryptococcus
neoformans NADH promoter region increased production of melanin, Glucuronoxylomannan (GXM)
release, and ATP, virulence enhancing traits which occurred through serial passage in the Galleria
mellonella model'’2. These studies suggest that while conservation of mitochondrial components and
morphology is seen across multiple taxa, mitochondrial plasticity may have a role in enhancing

virulence and host evasion.

Mitochondrial morphology is thought to have importance in the ER- mitochondria encounter
structure (ERMES), which has been highlighted for cell fitness, immune evasion, and virulence in
both Candida albicans and Aspergillus fumigatus alike'”. Mitochondrial contact sites with both the
ER and peroxisomes have been thought to contribute to lipid homeostasis though shuttling of
tricarboxylic-acid (TCA) cycle intermediates like citrate from peroxisomes to the mitochondria,
although details of metabolite transfer and regulation of contact sites is still unclear. Interestingly,
although direct lipid transit pathways are yet to be elucidated, a recent study by Enkler et. A/'"
suggested that Arf1 couples fatty acid p-oxidation to mitochondrial ATP synthesis and can regulate
mitochondrial fission and fusion'4. Adequate regulation of mitochondrial fission and fusion
mechanisms is important in Cryptococcus neoformans, whereby mitochondrial fusion defects lead
to increased ETC inhibitor sensitivity and loss of virulence in a murine model'®. However,
mitochondrial fragmentation in Aspergillus fumigatus is seen during human granulocyte killing as a
response to oxidative stress'”®. The function of mitochondria in fungal pathogenesis is multi-factorial,

with ATP production, organelle signalling and morphology underpinning virulence mechanisms.
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However, deeper investigations into virulence signalling pathways involving mitochondria should be

explored.

1.3.5 Aox function in plant fungal pathogens

The ETC of plants has been extensively studied'®, and Aox activity has been documented in both
plants and phytopathogenic fungi alike. However, evidence shows that the ETC of plants differs to
that of other eukaryotes due to the number of subunits found for each mitochondrial complex. For
example, the Complex | of plants has nearly 50 different subunits'’, and studies of Pichia stipitis
and Neurospora crassa show that fungal Aox differs from Aox in plants in that it occurs as a monomer
and is not induced by a-keto acids such as pyruvate'®. The disparity between plant and fungal
complex subunits, including additional proteins found in plant complexes'” '8 js thought to assist in

antifungal therapies that target phytopathogenic respiration.

In plant fungal pathogens such as Moniliophthora perniciosa and Sclerotina sclerotiorum, Aox is
reported to be more active during the mycelial growth phase, suggesting that the metabolic control
provided by alternative respiration is a crucial factor in morphogenesis'®" 82, Interestingly, the
activation of Aox for fungal growth has also been thought to contribute to mycotoxin production by
food-colonising fungi, such as Aflatoxins produced by Aspergillus flavus'', It is interesting to note
that Aox is activated and upregulated in Solanum lycopersicum, Arabidopsis thaliana and Nicotiana
attenuata in response to bacterial and viral attack, mainly for oxidative and nitrosative stress
management'®-19 although the roles of Aox in stress signalling during fungal infection of other plant

species requires further research.

For other plant pathogens, such as Botrytis cinerea, Ustilago maydis and Magnaporthe grisea, Aox
is required for active resistance to Quinone Outside Inhibitor (Qol) fungicides such as the strobilurins,
Azoxystrobin and Pyraclostrobin™''®, This class of fungicides inhibit mitochondrial respiration

through binding to Cytochrome bc+, blocking the movement of electrons at the quinone outer binding
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site'®, although field resistance is becoming an increasing problem, such as in Mycosphaerella
fijiensis and Mycosphaerella musicola infections of bananas'® and Pyrenophora tritici- repentis
infections of Argentinian wheat'¥’. Increasing Qol resistance has been attributed to the presence of
an Aox in Mycosphaerella graminicola and Aspergillus flavus™? % whereby Aox provides an
alternative route for electron transport away from the target site of the Qol fungicides to maintain
electron flux. In the presence of the strobilurin Azoxystrobin, Fusarium graminearum upregulated
transcription of Aox and rapidly increased oxygen uptake'®. To address the emerging antifungal
resistance in agricultural practices, research into new succinate dehydrogenase inhibitors (SDHIs),
such as Carboxin has begun, whereby fungal respiration is inhibited through blockage of the
ubiquinone binding sites of Complex Il. SDHIs have been rapidly gaining interest due to their broad,
high antifungal activity?®, however phytopathogenic sensitivity to SDHIs is slowly shifting?®' and
evidence suggests that SDHI site-specific inhibition may give rise to resistance if not monitored
correctly?®2, This may, in part, be due to the presence of fungal Aox at the level of the UQP to provide
an alternative respiratory pathway under this inhibition. The potential benefits of Aox inhibitors in the

agrochemical industry has been recently reviewed'®.
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Figure 1.3: Key plant fungal pathogens.

Schematic illustrating key plant fungal pathogens. Pathogenic species without a known or
predicted Aox sequence in the UniProt database®® are highlighted in red. Created with
BioRender.com.

Although Aox has proposed functions for virulence in plant fungal pathogens, not all phytopathogens
have a predicted sequence, such as the Puccinia species responsible for wheat rust disease and
Melampsora lini which causes flax rust (Fig. 1.3). Interestingly, while resistance mechanisms of
wheat and flax towards these pathogens has been documented?® 2%/ there are few noted instances
of antifungal resistance for these pathogens themselves, which, in conjunction with these other
studies, indicates that Aox may have a role in phytopathogenic resistance to antifungal drugs. While
much needs to be investigated in plant-pathogen interactions, given that both plants and
phytopathogenic fungi can induce Aox independently for multi-factorial stress relief, one cannot rule
out the possibility that both fungi and plants may use Aox within the environmental niche of an active
phytopathogenic infection. Investigations into the role of Aox on both the host and pathogen sides

of an infection could provide an insight into tackling antifungal resistance impacting food security.

1.3.6 Aox function in human fungal pathogens

Most human fungal pathogens possess at least one Aox (Fig. 1.4). The importance of Aox in
morphogenesis and resistance to oxidative stress from the human host has been demonstrated in
several fungal pathogens. Aox1 from Cryptococcus neoformans was shown to be induced at 37 °C
and was reported to play a role in virulence in the murine inhalation model?®. In Paracoccidioides
brasiliensis, Aox is upregulated in response to oxidative stress and for the mycelial-to-yeast
transformation, a crucial step in paracoccidioidomycosis?® 207, Aspergillus flavus and Aspergillus
fumigatus have multiple isoforms of Aox, whereby the isoform AoxA was found to attribute resistance
to oxidative stress and macrophage killing'32 208209, Aox is also upregulated in Candida albicans and
Candida auris in response to oxidative stress conditions,?'®2'2 plays a role in hyphal growth and

biofilm formation?'® 2'* and deletion of Aox in Candida albicans leads to increased Fluconazole
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susceptibility?’. A recent study assessed Candida albicans respiratory capacity when exposed to
SNP in combination with the known Aox inhibitor SHAM. Candida albicans treated with this
combination displayed a rapid transition to hyphal growth upon relief from inhibition and Candida
albicans treated with both SNP and SHAM also displayed a decrease in caspofungin resistance'?.
This indicated that Aox has a significant role in the hyphal switching phenotype in Candida albicans,
and that transcription of a second alternative oxidase, Aox2, is induced in the presence of ETC
inhibitors to buffer respiratory stress and increase alternative respiration capacity'? 26, Interestingly,
deletion of Aox2 also leads to decreased virulence of Candida albicans in the murine model through
increased immune recognition?'®. However, some reports suggest that Aox1 is dispensable for
virulence in Candida albicans'?® and Aspergillus fumigatus®®, this may be due to differences

between experimental approaches or strain backgrounds and remains a point to be clarified.

Interestingly, both Candida glabrata and Pneumocystis jiroveci do not have a predicted Aox
sequence (Fig. 1.4), however evidence of respiratory inhibition of Pneumocystis jiroveci with SHAM
has been reported, suggesting an Aox may be present?'”2'8, While incidences of Candida glabrata
based Candidiasis are increasing, the genetic similarity of Candida glabrata to Saccharomyces
cerevisiae and differences to Candida albicans indicate that both species must have evolved
different routes to pathogenesis, independently of Aox?'®. Unfortunately, little is known about the
metabolic requirements of Pneumocystis jiroveci for infection, although it has been postulated that
Pneumocystis pneumonia is based on reactivation of a latent infection, using the host an as
environmental reservoir to facilitate human-human transmission?® 22!, which also appears Aox
independent. The importance of Aox in virulence itself appears pathogen specific, as parasitic
Trypanosoma brucei alternative oxidase (TAO) has proven to be essential for respiration in the
bloodstream form of the parasite???, with intense therapeutic interest providing the only known
published crystal structure of Aox??® and evidence of TAO inhibition with Ascofuranone?®*. However,
while interesting links have been made for Aox involvement in parasite infection, this falls out of the

scope of this review.

40



Blastomyces dermatitidis Blastomyces gilchristii

Sporothrix mexicana Sporothrix schenckii Aspergillus flavus
Aspergitlus fumigatus
Sporothrix brasiliensis Sporothrix complex
\ Hit P y var. capstl:

Sporothrix globosa /
\ Histoplasma capsufatum

/

\ Histoplasma capsulatum var. duboisii

Candida albicans \

Candida glabrata L

Candida auris

— Trichophyton rubrum

\ Trichophyton interdigitale

Cryptococcus neoformans \

Cryptococcus gattii

Paracoccidioides brasiliensis ———— | \
\ Coccidioides

Paracoccidioides restrepiensis / \

Paracoccidioides americana

Coccidioides posadasii

immitis

Paracoccidioides venezuelensis Pretimocystls fifoyect

Figure 1.4: Key human fungal pathogens.

Schematic illustrating key human fungal pathogens. Pathogenic species without a known or
predicted Aox sequence in the UniProt database?® are highlighted in red. Created with
BioRender.com.

Although human-fungi interactions are widely investigated, direct signalling roles for Aox in fungal
pathogenesis and host dissemination are still unclear. Because of its ability to maintain respiration
in the presence of classical ETC inhibitors, Aox in human fungal pathogens could be proposed to
relieve respiratory stresses induced by the host during infection, such as NO. In humans, NO is
produced during host infection by phagocytes via nitric oxide synthase iINOS (or NOS2) as part of
the arsenal of oxidants that can inhibit or kill invading pathogens??*. While no direct links between
human NO production and fungal Aox during pathogenesis have been recorded, studies on plant
mitochondria show that while NO inhibits cytochrome c¢ oxidase, Aox remains uninhibited??. The

evidence presented suggests that Aox does play a role in fungal pathogenesis, although most likely
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as an indirect mediator of oxidative stresses induced by the host and maintenance of fungal
morphology in the host environment, rather than a direct virulence component. Perhaps for human
fungal pathogens, Aox activity should be seen as a latent, adaptive mechanism which activates
under selective pressure for metabolic homeostasis. This would provide a background benefit to
fungal pathogens in immune evasion but would be dispensable as an active component of virulence
mechanisms required for dissemination in the host. However, further investigations into Aox
activation and function within different human fungal pathogens is required to substantiate these

postulations.

1.3.7 Problems and potential for targeting respiration in human fungal pathogens

Current antifungal therapies either inhibit biosynthetic machinery for ergosterols (e.g., azoles),
nucleic acids (antimetabolites e.g., Flucytosine) or disrupt the cell membrane or wall (e.g., polyenes
or echinocandins). While conservation of mitochondrial machinery between both animals and fungi
presents a problem for suitable antifungal treatments, current inhibitors of the fungal ETC,
highlighted in Fig. 1.2, include both natural and synthetic compounds. Rotenone and Metformin are
known inhibitors of Complex |, investigated for their efficacy against cancer and antifungal properties
against Candida albicans and Aspergillus niger??’23!, although Metformin is classically used to treat
Type Il Diabetes?®?. Complex Il is prone to inhibition by 3-nitropropionic acid (3-NPA) or
thenoyltrifluoroacetone (TTFA), although new studies have highlighted Gracillin, a natural steroidal
saponin as a potential anti-tumour drug?** 24, Numerous Complex Il inhibitors have been identified,
of which Strobilurins such as Azoxystrobin are rapidly gaining interest's® 235257 For example,
combination treatment of Complex Ill and Aox inhibition was found to enhance sensitivity to
caspofungin in C. parapsilosis?8. However, while Complex Il inhibition is attractive for antifungal
activity'®, inhibitors of this kind can often bind to both pathogenic and host complexes alike, so
different applications for this inhibitor class are being investigated, such as cancer therapeutics®"
29241 While inhibition of yeast ATP synthase is possible using Bedaquiline?*? and Oligomycin?*, the

strong conservation between fungal and mammalian isoforms of the mitochondrial ATP synthase
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renders this enzyme as an antifungal target obsolete, although it does provide a promising antibiotic

target®.

Prolonged reliance on treatment guidelines has presented increasing numbers of resistance in
clinical cases?*?4’, Resistance patterns have begun to emerge in various fungal species, and
reliance on combination therapies of azoles, polyenes, echinocandins and anti-metabolites mean
that monotherapies are declining in potency against rapidly adapting fungal pathogens. For
example, mutations in the ergosterol pathway and sterol biosynthesis of Candida tropicalis, Candida
albicans and Candida Iustiniae leads to resistance to azoles and Amphotericin B as
monotherapies?¥-%5% and interestingly this mutation in Candida lustiniae ERG3 is also induced via
micafungin monotherapy, which then provides cross resistance to multiple antifungal classes®*.
Treatments are now more aimed towards combination therapy to target invasive fungal infections
such as the use of Caspofungin with other antifungal classes to treat Candidiasis®®, and
combinations of multiple triazole types such as PC945 and voriconazole for treatment of Aspergillus
fumigatus based Aspergillosis®*®®. The recommended treatment for Cryptococcosis includes a
combination of Amphotericin B and Flucytosine, followed by Fluconazole in a maintenance program
that can last up to a year®” 258 although antifungal hetero-resistance and cross-tolerance has been

documented?'.

The increasing amount of antifungal resistance and the reliance on combination therapies means
focus is shifting towards compounds that can re-sensitise resistant fungal pathogens to current
antifungals, rather than identify novel antifungal compounds. Interestingly, a group of Indazole
derivates have been identified to convert azoles from fungistatic back to fungicidal for Candida
albicans infections through inhibition of the cytochrome bc; complex?®. One compound, Inz-5,
enhanced the ability of macrophages to contain Candida albicans, and Inz-1 showed selection for
yeast complex bcs over human bc, which offsets the current issues other Complex Il inhibitors face

in host treatment. Other synergisms are beginning to emerge, such as Tetrandrine which increased
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the antifungal activity of Fluconazole in the murine Candidiasis model?®® and even a combination of
Fluconazole with small molecule ENOblock?®' or SHAM?"® showed synergism against Candida
albicans. With the indication that research is moving away from monotherapeutic antifungals,
inhibition of Aox could be effective in combination therapies with existing antifungal drugs such as
Echinocandins and Azoles which are currently circulated for the treatment of Candidiasis and
Cryptococcosis, but not as a monotherapy alone. Another postulation includes the use of known
natural stressors for pathogens such as NO, which can be produced by SNP, in combination with
Aox inhibitors. While using NO stress in combination with Aox inhibition is an attractive proposal,
research into efficacy against fungal pathogens in vitro and in vivo is required. Research into fungal

respiration machinery, especially the role of Aox, and its links to virulence, remain understudied.

In summary, due to the connection of mitochondria to pathogenesis, cell wall regulation and lipid
metabolism, fungal-specific respiratory inhibitors may prove to be effective against pathogens either
in isolation or in combination with current antifungals. However, the conservation of the respiratory
machinery in eukaryotes and the robust and adaptive nature of fungal respiration is a challenge for
drug development, so investigation into compounds that can re-sensitise drug resistant fungal
pathogens to existing therapies may also provide relief from infection. Characterisation of fungal-
specific respiratory chain components are needed, together with a deeper understanding of the roles

of those already characterised, such as Aox.

1.3.8 Proposed roles for Aox

Studies so far suggest that Aox does not have a direct role in fungal virulence but does have a role
in maintenance of oxidative stress mechanisms, ROS production, and even Complex | driven
respiration in Botrytis cinerea®?2. It could be postulated that Aox, having close links and established
electron transfer from the UQP, and yet no dominant role in ATP synthesis, could act as a switch
between FET and RET in response to environmental cues for both ROS production and scavenging.

Interestingly, this concept is supported by an investigation in murine mitochondria using xenotopic
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expression of Aox from Ciona intestinalis®®3. Aox is known to oxidise ubiquinol and reduces oxygen
to water, bypassing the ETC prior to proton translocation by complexes Il and IV, producing heat as
a byproduct. It would make sense, therefore, if Aox acted in FET to stop electron leak through lq or
lllao by oxidation of quinone which could reduce ROS production in stress conditions induced by
host dissemination. More interestingly, as RET induction requires an unfavourable thermodynamic
force and high QH2/Q ratio, one could speculate that Aox could contribute to RET induction itself
through generation and release of heat energy as the RET driving force for electron movement into
Complex | and maintenance of the reduced quinone state. While induction of RET and induction of
ROS production seems counterproductive to fungal pathogens, certain morphological developments
induce high ROS, such as capsule development in Cryptococcus neoformans® and Aspergillus
niger and P. penicillium spore germination?4. This, in conjunction with studies that show Aox as
sensitive to pH changes®® and other postulations highlighting Aox as important in ROS
homeostasis'? 266 267 sypports the idea that Aox could act a FET/RET switch to provide ROS for
energy demanding virulence mechanisms in fungal pathogens or defend against host-generated
ROS through induction of FET, independently of ATP production. Experiments investigating ROS

production, FET/RET initiation and thermodynamics in relation to Aox activity should be considered.

1.3.9 Conclusion

While fungal pathogens present a growing threat to both human health and food security, research
into antifungal therapies are still neglected. Here, we investigated the role of the electron transport
chain in fungal virulence and antifungal resistance, including the Aox pathway. Interestingly, while
the direct role of Aox in pathogenic virulence remains unclear, studies have showed a potential
homeostatic role for metabolism under both biotic and abiotic stresses. This stress tolerance
mechanism is thought to contribute to pathogenic survival in the host and contribute to current
antifungal resistance through control of ROS and NO accumulation, which is uncoupled from ATP

production. To address the issues faced by antifungal resistance, application of an Aox-specific
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antifungal may re-sensitise resistant fungal pathogens to drugs such as Fluconazole, although

research into combination therapies and Aox-specific inhibitors still needs to be pursued.

46



1.4 Existing and new Cryptococcus-targeted antifungals

Following the studies presented in 1.3.7, Cryptococcus specific antifungal therapies are rapidly
gaining interest to tackle antifungal resistance. While current treatment plans involve the use of
Fluconazole and Amphotericin B, heteroresistance and the induction of persister cells after drug
treatment’® have drawn attention to the slow development of new antifungal classes, and thus

research into novel antifungal alternatives is required.

Recently, a promising study followed the clinical development of Olorofim (a dihydroorotate
dehydrogenase enzyme inhibitor), Ibrexafungerp (a triterpenoid), Fosmanogepix (a Gwt1 enzyme
inhibitor), Opelconazole and Rezafungin (an echinocandin)?. Rezafungin inhibits -1,3-D glucan
synthase, and Olorofim inhibits pyrimidine synthesis through dihydroorotate dehydrogenase.
Rezafungin and Olorofim showed potency against Candida, Aspergillus mold and multidrug resistant
mold species, respectively, but did not show any efficacy against C. neoformans or G. gattii*®.
Interestingly, Ibrexafungerp, which also inhibits ($-1,3-D glucan biosynthesis, but with a different
binding site to Rezafungin, is able to inhibit the growth of Candida species, although its potency
against Cryptococcus species is unknown?8, Given the unsuccessful use of Echinocandins against
C. neoformans infection, and the inability of Ibrexafungerp to disseminate to CNS tissues, it would

be an unlikely treatment option for those suffering from disseminated cryptococcosis.

Fosmanogepix, which targets GPIl-anchored protein maturation through the inhibition of Gwt1, does
appear promising against C. neoformans and C. gattii when combined with Amphotericin B2,
However, the clearance criteria was based on morphological change and clearance of the blood in
< 2 days, rather than loss of growth as with the echinocandin candidates. When considering the low-
metabolic dormancy traits of C. neoformans, one could suggest that there may be an induction of
viable but non-culturable cells (VBNC) or dormancy, rather than cell death. Further investigations to

ensure that this drug promotes cell death, rather than induce prolonged latent infection, are required.

Finally, Opelconazole, a nebulised lipophilic triazole that targets lanosterol 14-a demethylase, has
also shown potency against C. neoformans®®, but questions about suitability for disseminated
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infection remain. While these new antifungals are currently circulating in clinical trials, most targets
still rely heavily on cell membrane and sterol biosynthesis perturbation, or adaption of current
antifungals such as Azoles. Given the resistance patterns emerging against Fluconazole and
polyenes and the multi-drug cross tolerance to pyrimidines provided by aneuploidy, new clinical
antifungals do little to identify new targets that are not based on previous drug patents. While
Opelconazole and Fosmanogepix show efficacy and promise against C. neoformans infection in the
clinical settling??8, lack of response to Rezafungin and Olorofim suggest that drug repurposing may
produce adaptive resistance patterns that will ultimately prolong treatment. Fosmanogepix, however,
which has diverted from the currently circulating antifungal classes, does show promise and

presents a case for more development in novel antifungal therapies.

Regulation of integrated C. neoformans metabolism has been reviewed?°, however emergence of
genome-scale metabolic model for C. neoformans that emerged in 20232° shows promise for
identification of new possible drug targets. Within this thesis the use of metabolism, specifically
mitochondrial function, is assessed as a novel antifungal target which could circumvent the current
resistance strategies. While some studies note concern for conservation between mammalian and
eukaryotic respiratory machinery in relation to targeting ability, the identification of novel targets
could provide a potent synergism to enable renewed sensitivity against currently circulating
antifungals or synergism with other novel therapies such as synthetic small molecule inhibitors. This
would allow for any concerns in relation to cross-talk with known resistance mechanisms and dose-
dependent off target effects to be addressed and would provide further insight into an otherwise

underdeveloped understanding of C. neoformans metabolic requirements.
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1.4 Project Aims

1. Determine the function of C. neoformans Aox and its potential as a novel antifungal drug
target

Given the lack of available information we sought to determine how related the Aox of C. neoformans
is to Aox of other human fungal pathogens at the sequence and predicted structural level. To achieve
this, we used the predicted FASTA sequence of C. neoformans Aox and compared it to other similar
structures using BLAST and aligned the sequence to other enzymes using MEGAX. We then used
iTASSER modelling prediction software to generate a predicted structure. Investigations were also
carried out to determine whether Aox was actively contributing to respiration and resistance against
mitochondrial inhibition through the use of growth and viability analysis, High Resolution

Respirometry (HRR), and melanisation assays.

2. Screening to identify regulators of mitochondrial function

We wanted to identify any putative regulators of mitochondrial function through unbiased kinase
knockout screens, and assess the impact of kinase loss on growth, respiration, viability and
mitochondrial stress signalling. The aim of this screen was to identify regulators of resistance to

mitochondrial inhibition, and the impact this had on stress signalling mechanisms in C. neoformans.

3. Investigate the metabolic requirements of C. neoformans and identification of fungicidal

additives

We wished to investigate differences in the metabolic capabilities of wildtype and Aaox?1 mutant cells
using a medium throughput screening approach. Using a BIOLOG™ Microarray, we wanted to
assess the effect of a broad range of metabolic supplementation and stress challenges on C.

neoformans growth. The aim of this analysis was to expand our knowledge of the abilities of C.
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neoformans to utilise metabolites and to identify new roles for Aox in the control of metabolism and

stress response.

4. Investigation of a novel antifungal compound against C. neoformans

We worked with collaborators at the University of Sussex (Luke Young, Anthony Moore, John
Spencer and Andrew McGown) to test new compounds with potential to act as dual inhibitors of both
classical and alternate modes of mitochondrial respiration. Compounds with promising in vitro
activity were tested by assessing effects on growth, respiration, and viability. This was coupled with
drug toxicity and virulence assays designed to measure the effects of selected putative inhibitors in
Galleria mellonella and haemolysis assays. Analysis of drug reference compounds allowed us to

identify and propose a mechanism of action for the novel drug compounds.
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2. Materials and Methods

2.1 Strain information

Wildtype (H99, Serotype A) and Aaox1 deletion strains were generously gifted by Elizabeth Ballou
(University of Exeter, UK) and were derived from the Madhani laboratory (University of California,
San Francisco, California, USA, NIH funding RO1AI100272)?"'. C. neoformans knockout libraries
were provided by the Lee Kyung-Tae lab (Department of Biotechnology, College of Life Science and
Biotechnology, Yonsei University, Seoul 03722, Korea)?’?. The parental strain of the mutant (H99P)
Aypk1 mutant, Aypk1 mutant + YPK1 flag at the locus, and two kinase-dead mutants, Aypk1 + YPK-
K274A and Aypk1 + YPK-D386A were provided by the Chang lab (Laboratory of Clinical Infectious
Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health,

Bethesda, Maryland, USA)?7. All genotypes can be found in Table 2.1.

Table 2.1: Strains used for this study

Strain name Genotype Source

H99 MATa Madhani Laboratory?
Aaox1 MATa Aaox1::NAT Madhani Laboratory?"!
H99P (Aypk1 parental) | MATa Chang Lab?"

Aypk1 (HL278) MATa Aypk1::NEO Chang Lab?™

Aypk1 + YPK1 flag MATa Aypk1::NEO, YPK- | Chang Lab?™
FLAG-NAT

Aypk1 + YPK-K274A | MATa Aypk1:NEO + YPK- | Chang Lab?™
K274A-FLAG

Aypk1 + YPK-D386A | MATa Aypk1:NEO + YPK- | Chang Lab?™

D386A-FLAG
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2.2 Growth media for C. neoformans strains

All media components were mixed in MilliQ de-ionised distilled water (mqH20) and heat-sterilised
by autoclaving at 121°C for 20 min prior to use, unless stated otherwise. Liquid cultures of wild-type
(H99) and Aaox1 strains were grown in YPD (1% Yeast extract (Difco), 2% Bactopeptone (Difco)
and 2% Dextrose (Fisher Scientific)) at 30°C or 37°C for clinical relevance where stated on a rotary
shaker at 180 revolutions per minute (rpm) in a sterile falcon tube. Culture plates for solid culture
growth contained YPD media with added 20% Oxoid Technical Agar (Agar No. 3) and incubated at

30°C or 37°C where stated.

2.3 Stock preparation of C. neoformans strains
5ml of YPD was inoculated with a colony of C. neoformans strains and grown overnight at 30°C with
shaking at 180 rpm. The following day 750pl of overnight culture was mixed in a cryotube with 40%

(w/v) sterile glycerol and frozen at -80°C.

2.4 Molecular Biology Techniques

2.4.1 Oligonucleotides

Table 2.2: Oligonucleotides used in this study

Name Sequence (5’ - 3’) Function
AOX1 Forward Primer Forward primer to check for
AGAGAAGATTGGTAGCGGCG
aox1 gene deletion
AOX1 Reverse Primer Reverse primer to check for
AAGTGGGGGTGAGTGACCTT

aox1 gene deletion
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2.4.2 Genomic DNA Extraction

5ml of YPD was inoculated with a colony of C. neoformans strains and grown overnight at 30°C with
shaking at 180 rpm. The next day, 1ml of the cultures were pelleted, washed in sterilised Phosphate
Buffered Saline (Oxoid™ tablets, Thermo Scientific, 1 tablet / 100ml mqH20) and then resuspended
in 500yl Monarch gDNA Cell Lysis buffer (T3012-1). Acid washed beads were added to the
suspension, which was then vortexed for 2 min. The lysate was then pipetted into a fresh Eppendorf
and 275ul of 7M ammonium acetate (Sigma) was added, and the mixture was incubated at 65°C for
5 min, followed by an incubation on ice for a further 5 min. 500pl of Chloroform (Fischer Scientific)
was added to the samples and spun via centrifugation at 13000 rpm for 2 min. Following phase
separation, the top phase was removed and precipitated with 1ml of cold isopropanol, and the
samples were incubated at 25°C for 5 min. The samples were then spun via centrifugation for a
further 5 min at 13000 rpm and the resultant pellet was washed in 70% ethanol. The pellet was
finally resuspended in 50ul of mqH20. 1l of the DNA suspension at a concentration between 1-500

ng / yl was used as a template for Polymerase Chain Reaction (PCR) analysis.

To quantify the concentration of DNA samples, the absorbance at 260nm (A260) was measured
using a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scientific). 2ul of DNA

samples were pipetted onto the NanoDrop and compared to 2ul of mqH20 as a control.

2.4.3 Polymerase Chain Reaction using recombinant Taq DNA Polymerase

PCR was carried out for confirmation of the Aox1 gene deletion following a genomic DNA extraction.
Mixtures for the PCR reaction (Table 2.3) and thermocycler conditions (Table 2.4) were carried out
in accordance with the manufacturer’s instructions. Primer annealing temperatures were calculated
using an online tool provided by Promega:

(https://www.promega.com/resources/tools/biomath/tm-calculator/).

53


https://www.promega.com/resources/tools/biomath/tm-calculator/

Table 2.3: Recipe for PCR Reaction mix

Component Final Concentration Volume (pl)
10x PCR Buffer, -Mg 1x 5

50mM MgCl2 1.5mM 1.5

10mM dNTP mix 0.2mM 1

10pM Forward Primer 0.5uM 2.5

10pM Reverse Primer 0.5uM 2.5
Template DNA 1-500ng 1

Sterile mgH20 Up to desired volume To 50ul

Tag DNA Polymerase (5U/ul) | 1 U/ 50pl 0.2

Table 2.4: Taq DNA Polymerase thermocycler settings

Step Temperature (°C) Time Number of cycles
Initial denaturation 94 3 min 1

Denature 94 45 sec 30

Anneal Cycle 60 (Aox primer | 30 sec 30

dependent)

Extension Cycle 72 90 sec/ kb 30

Final Extension 72 10 min 1

Hold 12 indefinitely 1

2.4.4 Agarose Gel Electrophoresis

For DNA gel electrophoresis following PCR, agarose powder for a 0.8-1% concentration was added
to 1x TAE buffer (40mM Tris-base, 20mM Acetic Acid, TmM EDTA) in a conical flask and heated in
the microwave on full power for 1-2 min until the Agarose powder was fully dissolved. The mixture

was cooled at 25°C for 5 min, and Ethidium Bromide (Sigma) was added to a final concentration of
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0.5ug/ml for DNA visualisation. 25ml of the mixture was poured into a gel cassette and left to set
with an inserted comb for 30-45 min. Once set, the gel was submerged in an electrophoresis tank
containing 1x TAE. PCR samples were loaded into the gel along with 10x BlueJuice Gel Loading
Buffer (Invitrogen, CAT no: 10816015) and a DNA Ladder (1Kb Plus, Invitrogen, CAT no: 11578636).
The tank was connected to a Bio-Rad power supply and electrophoresis was carried out at 110V for
25 min. The agarose gel was visualised using the SYNGENE G: BOX gel doc system. Images of
the gel were captured using GeneSys software (Version 1.6.5.0) along with a synoptics 6MP

camera.

2.4.5 Whole Cell protein extraction

5ml of YPD was inoculated with a colony of C. neoformans strains and grown overnight at 30°C with
shaking at 180 rpm. The next day, 500ul of the overnight samples were harvested, and pelleted cells
were re-suspended in 200ul of lysis buffer (0.1M NaOH, 0.05M EDTA, 2% SDS, 2% B-
mercaptoethanol). The samples were then heated for 10 min at 90°C and 5pul of 4M Acetic acid
(Fisher Scientific) was added. The samples were then vortexed for 30 sec and a secondary
incubation took place at 90°C for 10 min before addition of 50ul of loading buffer (0.25 M Tris-HCI
pH 6.8, 50% Glycerol, 0.05% Bromophenol blue). The lysate was cleared through centrifugation and
the supernatant was loaded into an SDS PAGE (Sodium Dodecyl Sulfate—Polyacrylamide Gel

Electrophoresis) gel.

2.4.6 Preparation of Polyacrylamide gels

All samples were run on a 10% SDS PAGE gel composed of a 5% stacking segment on top of a
12% resolving segment, made in a glass cassette (Bio-Rad, 0.75mm thick). The gel components
can be found in Table 2.5. The resolving gel was cast first, with 1ml of isopropanol added on top to

ensure resolving gel separation from air. After being left for 1 h to set, the stacking segment was
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added up to the top of the cassette and a comb with 12 wells was placed into the top of the cassette.

The gel was then left to set for a further hour.

Table 2.5: Recipe for polyacrylamide gel components

Gel Component Volume
Stacking 0.5M Tris (pH 6.8) + 0.4% SDS | 4ml
30% Acrylamide Mix 1.34ml
(acrylamide/bis-acrylamide
29:1 (3.3% crosslinker) Bio-
Rad)
Tetramethylethylenediamine 8ul
(TEMED, Sigma)
Sterile mgH20 4.572ml
10% Ammonium Persulfate | 90ul
(APS, Bio-Rad)
Resolving 1.5M Tris (pH 8.8) + 0.4% SDS | 3.75ml
30% Acrylamide Mix 6ml
(acrylamide/bis-acrylamide
29:1 (3.3% crosslinker) Bio-
Rad)
TEMED (Sigma) 6l
Sterile mgH20 6.156ml
10% APS (Bio-Rad) 150pl

2.4.7 SDS-PAGE gel electrophoresis

Once set, the gel was submerged in an electrophoresis tank containing 1x SDS running buffer. 10pl

of each sample was loaded into the gel along with a PageRuler™ Plus Prestained Protein Ladder
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(Thermo Scientific, CAT no: 26619) and additional loading buffer (0.25 M Tris-HCI pH 6.8, 50%
Glycerol, 0.05% Bromophenol blue) in any empty wells. The tank was connected to a Bio-Rad power
supply and electrophoresis was carried out at 90V for 1 h until the samples had run through the

stacking gel, and then run at 110V for a further 2 h.

2.4.8 Semi-dry protein transfer

The resulting separated proteins were transferred onto a Polyvinylidene Difluoride (PVDF)
membrane through semidry transfer using a Bio-Rad Trans SD machine. Four pieces of blotting
paper of equal size to the resolving layer (4 x 9cm) were wetted in transfer buffer (50ml 10x transfer
buffer (29g glycine, 58g Tris-base, 40ul 10% SDS), 100ml methanol (Fischer Scientific), 350ml
sterile mqH20) and the PVDF membrane (4 x 9cm, Amersham Hybond P) was wetted in methanol
to activate it before being soaked in transfer buffer for 15 min. The transfer was layered with two
pieces of blotting paper placed first followed by the PVDF membrane, the SDS PAGE gel, and two
more pieces of blotting paper, ensuring all air bubbles were rolled out. The transfer was run at 25V

for 30 min per gel.

2.4.9 Western blot detection using Enhanced Chemiluminescence (ECL)

After semi-dry transfer, the PVDF membrane was blocked in blocking buffer (5% semi skimmed milk
powder, 1x PBS + 0.2% Tween 20 (PBS/T)) for 45 min at room temperature on a rotary shaker. The
membrane was then briefly rinsed in PBS-Tween (PBS/T) and then placed in a 50ml Falcon tube
with 5ml blocking solution with primary antibody at a dilution recommended by the manufacturer.
The list of antibodies used for each gel can be seen in Section 2.4.10. The tube was left to incubate
overnight at 4°C on a roller mixer. After overnight incubation, the membrane was removed and briefly
washed in PBS/T twice before being washed for 15 min followed by two 5-min washes in PBS/T.
The membrane was next placed in a 50ml Falcon tube with 5ml blocking buffer containing a

horseradish peroxidase conjugated secondary antibody at a dilution recommended by the
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manufacturer. The tube was left to incubate at room temperature for 30 min on a roller mixer. After
incubation, the membrane was briefly washed twice in PBS/T twice before being washed for 15 min
followed by three 5-min washes in PBS/T and then transferred to PBS. Two
Electrochemiluminescence (ECL) solutions were made up as follows: Solution | (1ml of 2.5mM
luminol, 440ul of 0.396 mM p-ccumaric acid, 10ml of 1M Tris-HCL pH 8.5, 88.56ml of sterile mqH20).
Solution Il (64pl of 30% hydrogen peroxide, 10ml of 1M Tris-HCL pH 8.5, 89.94ml of sterile mqH20).
The solutions were mixed at a 1:1 ratio and the membrane was drained of PBS. The mixed solutions
were then poured on the membrane and left for exactly one min before the excess was removed
and the membrane was transferred to Saran wrap. The membrane in Saran wrap was visualised
using the SYNGENE G: BOX gel doc system. Images of the gel were captured using GeneSys

software (Version 1.6.5.0) along with a synoptics 6MP camera.

2.4.10 Antibodies used for protein detection

Primary antibody used for Aox1 detection: Rabbit Anti-AOX1 (Biomatik, product ID: AB011129)
was generated for use in this study by a custom Polyclonal Antibody (pAb) production service
package from Biomatik. We used a C. neoformans Aox1 derived peptide sequence as an antigen,
cys-DQKRDFNPFALSEASP, that was synthesised by Biomatik and used directly for Western

Blotting at a dilution of 1/1000.
Secondary antibody used for Aox1 detection: Anti-Rabbit IgG HRP (Sigma, catalogue number

#A0545) and was used at a dilution of 1/5000.

2.5 Whole Cell Experimental Procedures

2.5.1 Measurement of liquid cryptococcal growth using absorbance
5ml of appropriate media (as in 2.2) was inoculated with a colony of C. neoformans and grown

overnight at 30°C with shaking at 180 rpm. The next morning, either 24 well (1ml), 48 well (500ul)
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or 96 well (100ul) Greiner plates were filled with appropriate media and inoculated with the overnight
yeast suspensions to an ODeoo of 0.1 unless specified. Growth was measured as absorbance ODsoo

over 48 h using a SPECTROstar Nano plate reader, with the settings specified in Table 2.6.

Table 2.6: SPECTROstar Nano plate reader settings

Excitation 600nm

Cycle time 360 sec

Shaking frequency 400 rpm

Shaking mode 8-min linear shake and read followed by double

orbital shaking
Temperature 37°C

Positioning Delay 0.5 sec

Absorbance readings were collected and analysed by BMG LABTECH MARS data analysis
software, which was then imported into Microsoft Excel and further analysed in GraphPad Prism 10
or in R studio using the Growthcurver package where specified. The Growthcurver package fits
growth curve data to a logistic equation, to calculate growth rate, area under the curve (AUC),

carrying capacity, and initial population size. The parameters were calculated as follows:
Logistic equation:
k

k—No\ _,;
1+(—N0 )e r

Nt =

Where k is the ODsoo at each measured timepoint, No is the initial ODsoo of the population, r is the
growth rate, assuming there were no limits for population size within the growth environment. This

study used the area under the curve (AUC) value to determine growth. Where specified, Minimum
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Inhibitory Concentration (MIC) and NIC were calculated where specified using the Gompertz model

for growth in GraphPad Prism 10.

2.5.2 Assessment of C. neoformans growth by spotting assays

5 ml of YPD was inoculated with a colony of the required C. neoformans strain and grown overnight
at 30 °C with shaking at 180 rpm. The next day, cells were harvested and diluted to an ODeoo of 1
and diluted 10-fold over six serial dilutions. Using a replicator, 5 ul drops of cells from all six 10-fold
dilutions were stamped onto the agar plate containing the appropriate media. Once the 5 ul drops
were dry on the agar, the plates were then incubated at 30 °C or 37°C as indicated for 24-48 h.
Plates were then imaged using the SYNGENE G: BOX gel doc system. The GeneSys software (V

1.6.5.0) along with a synoptics 6 MP camera were used to capture images of the agar plates.

2.5.3 Assessment of C. neoformans viability using colony forming unit (CFU) assays

5 ml of YPD was inoculated with a colony of the required C. neoformans strain and grown overnight
at 30 °C with shaking at 180 rpm. The next day, cells were inoculated to an ODeoo of 0.1 with cells
from the overnight in YPD containing inhibitory drugs or solute controls where specified, and the
culture was grown at 37°C, 180 rpm shaking for 2 h. After drug exposure, cells were washed three
times in Phosphate Buffered Saline (PBS) and diluted to 250 cells per 200pul. 250 cells were then
plated onto YPD agar plates and spread using a sterile glass spreader under aseptic conditions.
Once dry, plates were then incubated at 37°C for 48 h and viable colonies were counted. Bar charts

and statistical tests were carried out in GraphPad Prism 10.

2.5.4 Respirometry Assays
To determine oxygen consumption and capacity of C. neoformans strains, respirometry was

performed using an O2k Oxygraph (Oroboros) high resolution respirometer, using the settings given
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in Table 2.7. 5 ml of YPD was inoculated with a colony of required C. neoformans cultures and grown
overnight at 30°C with shaking at 180 rpm and 2 ml was added to Oxygraph chambers at a
concentration of 1x10° cells / ml after overnight growth. Following a 20-min period of cellular routine
respiration to reflect the metabolic activity under cell culture conditions, drugs that inhibited different
components of the ETC were investigated. Where indicated, 8ul of 50mM Triethyltin Bromide (TET)
was added to each chamber resulting in the leak of respiration caused by compensation for the
proton leak after inhibition of ATP synthase. Following the leak 2ul of 12mM Carbonyl Cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) was added to each chamber to uncouple the electron
transport chain from the oxidative phosphorylation system through interference of the proton
gradient. Finally, 2ul of 20mM Antimycin A (AntA) was added to each chamber for inhibition of
complex lll. This procedure was repeated for assessment of other respiratory inhibitors where
indicated and statistics and respirometry graphs were recorded in Oroboros Datlab Version 4.2.1.62.

Bar charts were generated, and statistical testing were carried out in GraphPad Prism 10.

Table 2.7: Oroboros O2k Oxygraph configuration

Control Setting (per chamber)
Protocol Specific flux per unit sample
Block temperature 37°C

Gain for oxygen sensor 2

Polarisation voltage (millivolts, mV) 800

Stirrer speed (rpm) 750

Data recording interval (s) 2
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2.5.5 BIOLOG screen

The BIOLOG screen protocol was carried out as described previously?*. WT (H99) and Aaox1

knockout mutant C. neoformans were grown overnight in 5ml of YPD at 30°C with shaking at 180

rom. The next morning, cells were washed three times with sterile mgH20 and 4.8 ODsoo units of

cells were resuspended in 250pl of 48x yeast nutrient supplement (NS) solution (Table 2.8). 12x

Phenotype MicroArray™ (PM) additive solutions were prepared as in Table 2.9 and inoculation

mixtures were made according to Table 2.10, whereby each PM plate had individual additives as

described. Mixtures were pipetted into the BIOLOG plates using a multichannel pipette and grown

as previously stated (2.5.1). AUC values were calculated as described (2.5.1) and heatmaps were

made using GraphPad Prism 10.

Table 2.8: Recipe for 48x yeast nutrient supplement (NS) used in BIOLOG plates

Solution

Concentration (mM)

Concentration factor

L-Histidine HCL monohydrate
L-Leucine
L-Methionine

Uracil

0.48

4.8

1.2

1.44

48x

48x

48x

48x

Table 2.9: Recipe for 12x PM additive solutions used in BIOLOG plates

Solution PM1,2,5,9 PM3,6,7,8 PM4
D-Glucose 3200mM 3200mM 3200mM
L-Glutamic acid monosodium 60mM - 60mM
Potassium phosphate monobasic | 60mM 60mM -
anhydrous (pH 6)

Sodium Sulphate 24mM 24mM -
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Table 2.10: Recipe for BIOLOG PM plate inoculation

PM stock PM1,2(ml) |PM3,6,7,8 |PM4 (ml) PM5,9 (ml) | PM10 (ml)
solution (ml)

IFY-0 (1.2x) 10 10 10 10 -

SC media - - - - 11.75
D-Glucose (32x) | - 0.375 0.375 0.375 -

PM Additive (12x) | 1 1 1 1 -

Cells in 48x NS 0.25 0.25 0.25 0.25 0.25
Sterile mqH20 0.75 0.375 0.375 0.375 -

Total 12 12 12 12 12

2.5.6 Flow Cytometry for analysis of cell viability

Propidium lodide (Pl) staining was used to assess membrane integrity and 2'7'-
Dichlorodihydrofluorescein diacetate (H2DCF-DA) to detect cellular ROS. H99 and Aaox7 mutant
Colonies of C. neoformans strains were grown overnight in 5ml of YPD at 30°C with shaking at 180
rom. Cells were harvested at indicated time points and resuspended in 300ul of 100ug/ml PI in
sterile PBS or H2DCF-DA at a 0.1uM concentration in PBS and incubated in the dark at 37°C for 10
min. Samples were then washed three times with sterile PBS and analysed by flow cytometry.
Fluorescence intensity of cells was analysed using the BD Accuri™ C6 Plus Personal Flow
Cytometer (BD Biosciences). Measurement events were gated on the flow cytometer to ensure that
singlet yeast cells were being recorded. The flow cytometer was equipped with a Propidium iodide
laser (488 nm, 585/40, 670 LP standard filter) and a FITC laser (488 nm, 533/30 standard filter).
Approximately 15,000 events were collected per sample and the data was acquired and analysed

using the BD Accuri C6 Plus software.
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2.5.7 Assessment of melanisation using spotting assays

To assess melanin production, agar plates containing L-DOPA were used as described previously'®.
5 ml of YPD was inoculated with a colony of the required C. neoformans strain and grown overnight
at 30 °C with shaking at 180 rpm. The next day, cells from the overnight were inoculated to a
concentration of 5 x 10° cells / ml in YPD containing inhibitory drugs or solute controls where
specified, and the culture was grown at 37°C, 180 rpm shaking for 2 h. After 2 h, cells were washed
with PBS and 5pl of cells were pipetted onto Yeast Nitrogen Base (YNB) agar plates containing the
supplements found in Table 2.11'%°. Once each 5ul spot was dry, plates were incubated at 30°C and
37°C for 2 or 3 days, respectively. Images were taken and analysed using image J to calculate the
mean grey area (light intensity) and values were plotted with statistical testing in GraphPad Prism

10.

Table 2.11: Recipe for melanin agar plate supplementation

Supplement Concentration
D-Glucose 1 mg/ ml
L-Glycine 1 mg/ ml
Potassium Dihydrogen Phosphate (KH2PO4) 4 mg/ ml

Magnesium Sulphate Heptahydrate (MgSO4¢7H20) | 0.46 mg / ml

D-Biotin 0.5 ug/ ml
Thiamine 0.5 ug/ ml
I-3,4-dihydroxyphenylalanine (L-DOPA) 0.2mg/ ml
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2.6 Pre-clinical testing

2.6.1 Use of the Galleria mellonella infection model to assess C. neoformans virulence

A standardised Galleria mellonella infection model was used to assess C. neoformans virulence, as
described previously?> 26, G. mellonella larvae were ordered from Biosystems Technology
(TruLarv™), which were prepared from a breeding colony without feedstuff antibiotic addition.
Larvae were sterilised, uniformly aged and approximately 0.35 g. TruLarv™ were stored at 15°C
until required. WT (H99) and Aaox1 C. neoformans were grown overnight in 5ml of YPD at 30°C
with shaking at 180 rpm. The next day, cells were harvested and TruLarv™ G. mellonella larvae
were inoculated with 1 x 10 CFU of wildtype (H99-') and Aaox? mutant cultures (Aaox7-7). A 25l
Hamilton syringe was used to inject 15ul aliquots of either culture inoculum or a PBS control into the
hemocoel of each larva via the last left proleg.

Antifungal drugs (ALTOX094, ALTOX102) and appropriate solvent controls were injected using the
same technique. For experiments that required multiple injections, such as those with both a cell
culture inoculum and a drug inoculum, a different proleg was used for each injection, starting from
the left last proleg and rotating left to right and moving proximally as needed. Larvae were then
placed into sterile petri dishes containing filter paper and incubated at 37°C. Larvae were assessed
every 24 h for 5 days and motility, melanisation and survival using standardised scoring as described
previously. A non-injection control set of larvae was also incubated. Larvae were considered dead
if there was no motility response to touch.

Kaplan-Meyer survival and melanisation curves were plotted, and significance was calculated using
a Log-Rank (Mantel-Cox) test in GraphPad Prism 10. Each inoculum condition contained 10 larvae

and was repeated independently three times unless stated otherwise.

2.6.2 Haemolysis assay
A haemolysis assay was carried out using blood agar plates (1 g Peptone, 1 g Sodium Chloride
(NaCl), 0.6 g Beef Extract, 3 g Technical Agar, 190 ml sterile mqH20, 10 ml defibrinated sheep blood

(TCS Biosciences, ref: SB054). Stock concentrations of the drugs listed in Chapter 5 were made,
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including the working concentration, a 2x, 5x or 10x working concentration where indicated. 20yl of
each drug was pipetted onto filter paper disks placed onto the agar and incubated at 37°C for 24 h.
A PBS control and a positive 10% SDS control were also used. At 2 h and 24 h the zone of
haemolysis (ZOH) was recorded, and results and statistical significance was plotted in GraphPad

Prism 10.

2.7 Recombinant C. albicans Aox assay performed by Dr. Luke Young (University of
Sussex)

Recombinant C. albicans Aox was expressed in Escherichia coli strain FN102 and the membranes
were harvested as described previously?'2. Dose response curves were generated using a Multiskan
SkyHigh (Thermofisher) 96 well plate reader with the following conditions. Aox E. coli membrane
was diluted to ~ 60 yg ml' in 65 mM 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.5
containing 1 mM KCN and 10 mM GMP and left to incubate with the inhibitor for 10 min (3-fold serial
dilution). Reaction was initiated with the addition of NADH and followed at 340 nm for 10 min with

readings taken every 8 sec. Subsequent dose response curves were plotted in GraphPad Prism 9.

2.8 Rat liver mitochondrial assay performed by Dr. Luke Young (University of Sussex)

Fresh rat liver mitochondria were isolated using previously published methodology?’’. Mitochondrial
respiration rates were assessed using an Oroboros Oxygraph-2K oxygen electrode. ~ 600 ug
mitochondrial protein was equilibrated in 2ml of assay media (200 mM Sucrose, 25 mM KCI, 11 mM
MgClz2, 5 mM KH2PO4, 5 mM MOPS pH 7.4) for 10 min at 32°C in the presence of 0.5 uM rotenone,
0.5 uM CCCP and the inhibitor. Respiration was then initiated with the addition of 10 mM succinate
and the rate of oxygen consumption was recorded. Dose response curves were plotted using

GraphPad Prism 9.
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2.9 Statistical Analysis

Statistical analyses were calculated in GraphPad Prism 10, unless stated otherwise. Information on
tests for significance is given in each figure. Error bars indicate standard deviation (SD) and
asterisks in the figures indicate significant differences, with * <0.05, ** <0.005, *** < 0.0005, ****

<0.0001, where P = 0.05.
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3. Mitochondrial function of C. neoformans and its potential as a

novel antifungal drug target

3.1 Introduction

The Aox enzyme has been implicated in pathogenicity among human fungal pathogens, including
C. neoformans?®®. However, the only published crystal structure for the enzyme is that of
Trypanosoma brucei?®. Investigations into Aox activity for fungal pathogens have relied on high
levels of conservation between the ETC of multiple fungi'?® 278 although exact roles for Aox in C.

neoformans remain unclear.

Given the lack of available information we sought to determine how related the Aox of C. neoformans
is to Aox of other human fungal pathogens at the sequence and predicted structural level. To achieve
this, we used the predicted FASTA sequence of C. neoformans Aox and compared it to other similar
structures using BLAST and aligned the sequence to other enzymes using MEGAX. We then used
iTASSER modelling prediction software to generate a predicted structure. Investigations were also
carried out to determine whether Aox was actively contributing to respiration and resistance against
mitochondrial inhibition through the use of growth and viability analysis, High Resolution
Respirometry (HRR), and melanisation assays. Finally, we wanted to identify any putative regulators
of mitochondrial function through unbiased kinase knockout screens, and assess the impact of

kinase loss on growth, respiration, viability and mitochondrial stress signalling.
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3.2 Results

3.2.1 C. neoformans Aox shows low sequence similarity to other human fungal pathogens

As studies have shown that Aox is a conserved mediator of alternative respiration across fungi
(Section 1.3), we wanted to establish whether the Aox of C. neoformans was closely related to that
of other human fungal pathogens. Using the predicted amino acid sequence of the enzyme found
on UniProt, we used BLAST?7® 280 and MEGAX?' to compare the predicted sequences of fungal Aox
enzymes and generated a phylogenetic tree using the interactive tree of life software (iTOL)?2, which
displays and annotates phylogenetic trees using protein sequence alignment data. Sequences with
over a 60% percentage identity matrix, generated in Clustal 2.1%® were considered closely related
(Fig. 3.1b). Our data suggests that the closest phylogenetic relations were basidiomycetes found
mainly in the order Tremalles, such as Kwoniella pini and Kockovaella imperatae (Fig. 3.1a), which
are associated with growth on plant materials and in everglades?* 2%, Interestingly, in relation to
human fungal pathogens, the Aox of Aspergillus brasiliensis, Aspergillus niger and Histoplasma
capsulatum made the top 250 alignments with 53.2%, 52.9%, and 46% similarity, respectively
(Appendix 7.1a). None of the Aox enzymes of other human fungal pathogens listed in Section 1.3,
including Candida albicans and Candida auris, showed in the top 250 BLAST alignment results for
C. neoformans Aox, although amino acid sequences of oleaginous yeasts such as
Cutaneotrichosporon oleaginosum, Saitozyma podzolica, and Apiotrichum porosum showed high
sequence similarity (Fig. 3.1b). Interestingly, upon assessment of the Aox1 protein sequence
alignment in Clustal 2.1, conserved residues could be found across human fungal pathogens
(Appendix 7.1b). However, these conserved residues both included and surrounded iron binding
sites, which confirmed that Aox1 enzymes from Cryptococcus neoformans and Cryptococcus gattii
have functionality of other heme-cluster enzymes, but that overall enzyme structure was not

conserved between Cryptococcus species and other human fungal pathogens.
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Figure 3.1: Predicted phylogeny of an Aox monomer from C. neoformans.
To investigate the phylogeny of cryptococcal Aox, the predicted sequence of the wildtype H99 strain
(blue) was compared to other fungal Aox enzymes using BLAST?? and MEGA-X?37. (A) A
phylogenetic tree was generated in iTOL?82 and (B) the percent identity matrix of each alignment

in the tree was generated in Clustal 2.1424,
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3.2.2 C. neoformans Aox prediction modelling

Given that our data showed low sequence homology of C. neoformans Aox to other human
pathogenic fungi and the only published crystal structure of Aox belongs to Trypanosoma brucei??
(Fig. 3.2a), we wanted to model a possible structure. The predicted FASTA sequence found on
UniProt?% was run through I-TASSER software?®”-2¢%, the leading server in the CASP 14 experiment
(Critical Assessment of Techniques for Protein Structure Prediction). The I-TASSER server tries to
retrieve similar protein data bank (PDB) structures to the input FASTA sequence, through the Local
Meta-Threading Server (LOMETS), and then generate models through Monte Carlo replica
exchange simulations or building models by ab initio modelling (QUARK). The I-TASSER server was
able to generate 5 predicted models of C. neoformans Aox (Fig. 3.3a). The confidence scores (c-
scores) TM-scores (structural similarity) and number of decoys used for modelling can be found in
Fig. 3.3b, whereby c-scores ranged from -5 (weak confidence) to 2 (strong confidence) and TM-
scores ranged from <0.17 (random similarity) to >0.50 (correct topology). Higher cluster density
values mean that the decoys used to simulate the predicted structure ‘cluster’ and structurally occur
more often. Out of the given models, model 1 was shown to be the most likely structure for this

enzyme.

Figure 3.2: The published crystal structure of TAO.
Structure of TAO from Trypanosoma brucei (PDB 3VV9)?2. Created with BioRender.com.
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B
Name | C-score | Exp. TM-score | No. of decoys | Cluster density |
Model 1 -0.59 064 013 600 0.1130
‘Model2 | -0.74 | 600 10.0971
Model 3 -1.11 600 0.0671
Model 4 | -1.56 542 0.0426
Model 5 -3.09 113 0.0093

Figure 3.3: Predicted model of an Aox monomer from C. neoformans.

(A) Predicted models of the C. neoformans Aox enzyme generated in iTASSER?87-289 (B) Data
for each model based on confidence (C-score), sequence similarity (TM-score), number of decoys
and a topology score (cluster density).
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3.2.3 Confirmation of Aox deletion in C. neoformans

To confirm the deletion of Aox in the mutant provided (Aaox1), PCR was carried out using generated
primers as in Section 2.4.1. Wildtype (H99) and Aaox7 were harvested after 24 h growth in YPD at
37°C and genomic DNA was extracted as in Section 2.4.2. Samples loaded onto a DNA agarose gel
confirmed the deletion of Aox1 in the mutant (Fig. 3.4a) where the fully sized Aox1 gene (around

1000bp) could be seen in the wildtype, but not in Aaox1.

In addition, a complementary antibody for the C. neoformans Aox structure was created (Section
2.4.7). The complimentary antibody was designed based on the Cryptococcus-specific residues
FLASEASP identified through Aox1 sequence alignment in Clustal 2.1 (Fig. 3.4a), that were not
conserved in other human fungal pathogens such as Candida albicans. Following this, a western
blot was carried out whereby wildtype (H99) and Aaox7 were harvested after 24 h growth in YPD
and treated with Triethyltin Bromide (TET), Carbonyl Cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP) and Antimycin A (AntA), Salicylhydroxamic Acid (SHAM), Sodium Nitroprusside (SNP),
potassium cyanide (KCN) and Calcofluor white (CFW) for 2 h at 37°C before lysing the cells. The
cell lysate of each sample was loaded onto a western blot where indicated (Fig. 3.4c). We were able
to confirm that the generated antibody bound to C. neoformans Aox1 and confirmed the Aaox1
deletion strain (Fig. 3.4c). Interestingly, none of the tested electron transport and cell wall stresses

significantly induced expression of Aox (Fig. 3.4d).

A

sp|Q26710]JAOX TRYBB Alternative oxidase mitochondrial Trypanosoma brucei brucei -DMHEKRLQNSVNPFVVLKK-NPEEM|
sp|Q8NKE2|AOX CRYNH Alternative oxidase mitochondrial Cryptococcus neoformans var. grubii serotype A (strainH99) - N L DQ K - - - RDFNPFAL SEA - SPEER|
sp|O93853|A0OX1 CANAX Alternative oxidase 1 mitochondrial Candida albicans -INLEQW--- QDRNPFALKI K-DSD- - [
sp|Q9UV71|AOX2 CANAX Alternative oxidase 2 mitochondrial Candida albicans -NLEQK --- TDRNPFALKI E-GLN--|
tr|ADA137P8S8|A0A137P8S8 CONC2 Alternative oxidase Conidiobolus coronatus (strain ATCC 28846) -[DRL I I -KQTD--LRAPV-DREI K|
trJAOA1Y1X615|A0A1Y1X615 SFUNG Alternative oxidase Basidiobolus meristosporus E[DLRTE ---1SRTKLLHAQQ- AAE- - [
tr]AOAOLONPQ3|AOAOLONPQ3 CANAR Alternative oxidase Candida auris -INVDQK --- NDRNPYALKI E-GTD- - |-
sp|Q9Y711|AOX AJECA Alternative oxidase mitochondrial Ajellomyces capsulatus -INL KQG - - VDPNPYAAKYD- NPE - -

tr| TSBXX6| TSBXX6 AJEDE Alternative oxidase Blastomyces dermatitidis -INLKQC - -- VDPNPYAAKYD-NPD- - |-
tr|C1G911|C1G911 PARBD Alternative oxidase Paracoccidioides brasiliensis (strain Pb18) -INLKPN---VDPNPYTSKYD-NPD- - |
tr|J3KIB6|J3KIBE COCIM Alternative oxidase Coccidioides immitis (strain RS) -NLDQK ---YDPNPYAAKYN-NPQ- -

trJAOAOF2M914|AOAOF2M914 SPOSC Alternative oxidase Sporothrix schenckili -INLDQN - -- ADPNPFVSEYKAGRE- - |-
trJAOAOS3VTP6|A0A093VTPE TALMA Alternative oxidase Talaromyces marneffel -INLNQK --- EDPNPYTAI YR-DTN- - |-
tr|EBRO40]E6R040 CRYGW Alternative oxidase Cryptococcus gattii serotype B (strain WM276) -NLDQK ---RDFNPFALSEA-SPEER

tr|CSMB28|C5MB28 CANTT Alternative oxidase Candida tropicalis (strain ATCC MYA-3404) -INLDTW---KDRNPFALQI K-DDP - - |-
tr|Q4WHK6|Q4WHKE ASPFU Alternative oxidase A ya gata (strain ATCC MYA-4609) -INL QHN --- VDPNPYAAKYK-DPS - - |
tr|FOF 166|FOF 166 FUSOF Alternative oxidase Fusarium oxysporum (strain Fo5176) -NLDQS - -- EDPNPFVSEFK-DRE- - [
tr|C7YJZ4|C7YJZ4 NECH?7 Alternative oxi Nectria a (strain 77-13-4) -NLNQS - -- EDPNPFVSEFK-DRE- - |
tr|H6C3B9|HEC3B3 EXODN Alternative Exophiala der is (strain ATCC 34100) - INSERDEPSTE === HQUDEP NI PAESVASEVAY =2 DR A === |-
tr|JBEMT8|JBEMT8 TRIAS Alternative oxidase Trichosporon asahil var. asahif (strain ATCC 90039) -|I0L DQT - -- RDFNPFALAEA-PAE!I R|
trll1CQV1|11CQV1 RHIOS Alt idase Rhizopus del (strain RA 99-880) - [DERSISACA = QD BN RS e DiteDE=tl-
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Figure 3.4: Confirmation of the Aox deletion in the Aaox1 C. neoformans mutant
(A) Clustal alignment of the C. neoformans Aox1 amino acid sequence against other human fungal
pathogens, with identification of the peptide sequence used to generate an anti-aox7 antibody
(blue). (B) PCR showing the band for the Aox1 gene (Aox) in the wildtype (H99) at around 1000bp,
which was not present in the Aaox7 mutant. (C) Representative western blot showing that Aox was
present in wildtype C. neoformans (H99) but not in the Aaox?1 mutant (Aaox7). Wildtype cells were
exposed to different mitochondrial stresses for 2 h at 37°C to assess induction of Aox under varying
conditions, with a Coomassie loading control. (D) Band intensity was recorded using ImagedJ and
significance was calculated using Dunnett’s multiple comparisons test following a one-way ANOVA
in GraphPad Prism, where P = 0.05. No significance was recorded. Error bars represent + Standard
Deviation (SD). n =3
3.2.4 C. neoformans Aox does not make a significant contribution to respiration during
normal growth
As little is known about whether Aox functions within normal growth, we investigated the respiratory
profile of the wild type H99 (Fig. 3.5a) and an Aaox7 mutant C. neoformans (Fig. 3.5b) using HRR.
Respirometer chambers were inoculated with 1 x 10° cells from a culture grown for 24 h at 37°C
and treated with TET, FCCP and AntA where indicated. TET inhibits the ATP synthase (complex V)
and prevents proton translocation, leading to an accumulation of protons within the intermembrane
space that in turn inhibits respiration. Oxygen consumption following TET treatment therefore
reflects ATP synthase independent proton movement across the inner mitochondrial membrane, so
called, electron ‘leak’ respiration. FCCP is a proton ionophore which allows random proton
movement across the inner mitochondrial membrane that allows respiration to proceed uninhibited
and gives a ‘maximum respiration’ value. The addition of AntA leads to complex Il inhibition, which
halts classical respiration and provides a ‘minimum’ value that reflects non-mitochondrial respiration
or could also reflect activity of an Aox. Addition of each drug allows a respiratory profile to be
generated, which indicates how much each strain utilises the classical ETC, and how coupled this
is to ATP synthesis, or indeed if there are alternate routes of respiration. The wildtype H99 respiratory
profile (Fig. 3.5a, 3.5¢) showed a reduction in respiration after TET addition, a high respiration value

after FCCP addition, and a low respiration value after inhibition of the classical ETC through AntA

addition, which indicated a normal use of the classical ETC. Interestingly, Aox did not actively
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contribute to respiration during normal growth, as a loss of Aox gave rise to a respiratory profile that

was similar to the wild type (Fig. 3.5b, 3.5d).
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Figure 3.5: Respiratory profiles of C. neoformans strains.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with TET, FCCP and AntA where
indicated. (A) H99 (B) Aaox1. Measurements of Leak (Leak) Maximum (Max) and Minimum (Min)
respiration (O2 flow per cells) after drug exposure were taken and compared to the routine level
of respiration (Routine) for each strain as indicated. (E) H99 (F) Aaox7. Significance was
calculated using Dunnett’'s multiple comparisons test following a one-way ANOVA in GraphPad
Prism. ** <0.005, **** <0.0001, where P =0.05.n =3

3.2.5 Aox is required to provide resistance to Complex lll inhibition by Azoxystrobin

Aox induction has been attributed to resistance to mitochondrial inhibitors, such as Azoxystrobin, in
phytopathogenic fungi (Section 1.3.5), so we tested whether loss of Aox would induce C.
neoformans sensitivity to mitochondrial inhibitors. We wanted to investigate whether Aox conferred
resistance to a broad-spectrum inhibitor of cytochrome bc1, Azoxystrobin. Wildtype H99 and Aaox1
mutant C. neoformans were screened for Azoxystrobin sensitivity in YPD containing Azoxystrobin
ranging from 12.5uM - 100uM in comparison to a methanol solvent control (Fig. 3.6). For H99, no
concentrations tested exhibited a strong fungistatic effect (Fig. 3.6a, 3.6d) although 15uM
Azoxystrobin led to a mild inhibition of growth. Interestingly, Aaox? mutant C. neoformans showed
sensitivity to 15-20uM Azoxystrobin, however, each biological replicate showed a different
phenotype, with lots of variation in the combined data set (Fig. 3.6b). To clarify and assess the
variation, the Aaox1 biological replicates were ‘split’ into a sensitive phenotype or a non-sensitive
phenotype (Fig. 3.6¢), whereby the population either displayed complete growth inhibition (sensitive)
or robust growth under the same conditions (non-sensitive). Aaox7 also showed clear sensitivity to
Azoxystrobin at 75uM and 100uM (Fig. 3.6e), which indicated that loss of Aox confers sensitivity to

Azoxystrobin.
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Figure 3.6: Screening the effect of Azoxystrobin on C. neoformans growth.

C. neoformans strains were grown in YPD containing various Azoxystrobin concentrations at
37°C for48 h. (A) H99 + 12.5uM - 20uM Azoxystrobin, (B) Aaox1 + 12.5uM - 20uM Azoxystrobin,
(C) Aaox1 + 12.5uM - 20uM Azoxystrobin, where biological replicates were split into a sensitive
phenotype ‘sensitive’ and a non-sensitive phenotype ‘non-sensitive’ where indicated to assess
variation (D) H99 + 25uM - 100uM Azoxystrobin, (E) Aaox71 + 25uM - 100uM Azoxystrobin.
Graphs were generated in GraphPad Prism. Error bars represent + SD. n=9

3.2.6 Azoxystrobin inhibits Aaox7 mutant C. neoformans respiration
To assess whether the inhibition of growth seen in Fig. 3.6 was due to an effect of Azoxystrobin on
respiration, the respiratory profiles of H99 and Aaox7 mutant C. neoformans were assessed using

HRR. Respirometer chambers were inoculated with 1 x 10° cells from a culture grown for 24 h at
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37°C and treated with 20uM Azoxystrobin where indicated (Az). Interestingly, an increase in

respiration was seen for H99 (Fig. 3.7a), which indicated that Aox was being induced in response to

Azoxystrobin addition, leading to an increase in respiration. For Aaox1, addition of Azoxystrobin

produced either a sensitive phenotype, where complete inhibition was seen (Fig. 3.7c), or a non-

sensitive phenotype, where either no observable respiratory effect was seen (Fig. 3.7b), which

mirrored the variability shown in growth sensitivity (Fig. 3.7).
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Figure 3.7: Respiratory profiles of C. neoformans exposed to Azoxystrobin.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with 20uM Azoxystrobin where indicated
(Az) (A) Respiratory profile of H99 (B) Respiratory profile of an Aaox7 population that is not
sensitive to Azoxystrobin, (C) Respiratory profile of an Aaox7 population that is affected by
Azoxystrobin. (D) Measurements of maximum (Max) and minimum (Min) respiration (O2 flow per
cells) after drug exposure were taken and compared to the routine level of respiration (Routine)
for each strain as indicated. Significance was calculated using Dunnett’s multiple comparisons
test following a one-way ANOVA in GraphPad Prism. **** <0.0001, where P = 0.05. Error bars
represent £ SD.n=3

3.2.7 Azoxystrobin exposure does not reduce C. neoformans viability

To investigate whether the variable effect of Azoxystrobin on Aaox7 growth (Fig. 3.6b) and
respiration (Fig. 3.7c) was due to a loss of viability, H99 and Aaox1 mutant cells were plated following
a 2 h incubation in YPD containing Azoxystrobin at 20uM and viable colonies were counted after 48
h at 37°C. Surprisingly, although Aaox7 displayed sensitivity to growth and respiratory inhibition in
the presence of Azoxystrobin, no significant loss of viability was observed for either strain (Fig. 3.8),

although an increase in viability was seen for H99 after Azoxystrobin addition.
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Figure 3.8: Viability assay of C. neoformans exposed to Azoxystrobin treatment.

The viability of wildtype (H99) and Aaox 1 null mutant (Aaox7) C. neoformans after a 2 h incubation
with 20uM Azoxystrobin at 37°C as indicated (Azoxystrobin) in comparison to a YPD control and
a methanol solvent control (Methanol). Significance was calculated using Dunnett's multiple

comparisons test following a one-way ANOVA in GraphPad Prism. * <0.05. Error bars represent
+SD.n=9.

3.2.8 C. neoformans Aox does not confer resistance to complex IV inhibition

After observing that the deletion of Aox conferred sensitivity to Complex Il inhibition during growth
and respiration, we wanted to assess whether Aox would confer resistance to Complex IV inhibition
as seen in C. albicans'? 2'3, Firstly, we investigated the respiratory profile of H99 (Fig. 3.9a) and
Aaox1 mutant C. neoformans (Fig. 3.9b) using HRR. Respirometer chambers were inoculated with
1 x 108 cells from a culture grown for 24 h at 37°C and treated with 3mM KCN, a complex IV inhibitor,
where indicated. Interestingly, addition of KCN did not induce any respiratory activity in either H99
(Fig. 3.9a) or Aaox1 (Fig. 3.9b), unlike the induction of alternative respiration seen in C. albicans,

indicating that C. neoformans Aox does not confer any KCN resistance.
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Figure 3.9: Respiratory profiles of C. neoformans strains exposed to KCN.
Representative example of respiration in H99 and Aaox? determined using HRR. Chambers

were inoculated with 1 x 106 cells after 24 h growth and treated with KCN where indicated. (A)
H99 (B) Aaox1. (C) Measurements of maximum (Max) and minimum (Min) respiration (O2 flow
per cells) after drug exposure were taken and compared to the routine level of respiration
(Routine) for each strain as indicated. Significance was calculated using Dunnett’'s multiple
comparisons test following a one-way ANOVA in GraphPad Prism. * < 0.05 ** <0.005, **** 84
<0.0001, where P = 0.05. Error bars represent + SD.n =3



After observation that Aox did not confer respiratory resistance to KCN (Fig. 3.9) we wanted to
assess whether KCN addition affected the viability of Aaox71. Wildtype C. neoformans (H99) and
Aaox1 mutant cells were plated following a 2 h incubation in YPD containing KCN at 3mM at 37°C
and viable colonies were counted after 48 h at 37°C. Interestingly, our data showed that Aox was
not activated for respiratory resistance against KCN, but KCN had no significant effect on Aaox1

viability (Fig. 3.10).
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Figure 3.10: Viability assay of C. neoformans exposed to KCN treatment.

The viability of wildtype (H99) and Aaox1 null mutant (Aaox7) C. neoformans after a 2 h incubation
with 3mM KCN at 37°C as indicated (H99 + KCN, Aaox7 + KCN) in comparison to a YPD control
(H99, Aaox1). Significance was calculated using a two-tailed unpaired t-test in GraphPad Prism,
where P = 0.05. no significance was recorded. Error bars represent £ SD. n=09.

3.2.9 Screening a C. neoformans kinase knockout library for KCN sensitivity

Given the apparent inherent resistance of C. neoformans to KCN with respect to viability, we sought
to identify putative regulators using an unbiased screening approach. To achieve this, we made use
of a kinase knockout library generated by Kyung-Tae Lee et. al*’?, grew each plate overnight in liquid
YPD media and plated onto YPD agar containing 3mM KCN for 48 h at 37°C (Fig. 3.11). Plate maps

for each knockout series can be found in Appendix 7.2.
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Figure 3.11: Representative example illustrating the determination of KCN sensitive
kinase mutants.

(A) Kinase knockout mutant C. neoformans were grown on YPD plates and (B) plates
containing YPD + 3mM KCN at 37°C for 48 h. Blue circled stamps show an example of
sensitivity to KCN through loss of growth on the plate. Each knockout plate contained wildtype
(H99) replicates for comparison where indicated. n = 3
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As there were only two clones for each knockout in the screening plates, we performed multiple
biological replicates of any knockout strains that showed sensitivity in the initial screen (Fig. 3.11).
The initial screen identified a Aypk1 mutant and a Aarg5,6 mutant as sensitive to KCN, so we grew
cultures of each strain overnight in liquid YPD media and plated onto YPD agar containing 3mM
KCN for 48 h at 37°C. We confirmed that the Aypk1 mutant (Fig. 3.12a), and the Aarg5,6 mutant
(Fig. 3.12b) showed reproducible sensitivity to KCN exposure, with the Aypk? mutant showing the
strongest sensitivity (Fig. 3.12a). As Ypk1 has been implicated in mitochondrial function, fluconazole
tolerance, sphingolipid biosynthesis, membrane maintenance, regulation of mitochondrial generated

ROS for actin polarisation and regulated cell death?”32%0-2%2 we focused on Aypk1.

YPD +3mM KCN

Figure 3.12: Identification of kinase mutant sensitivity to KCN stress

Confirmation of kinase mutant growth sensitivity at 37°C with a Aypk1 mutant (A) and a
Aargb,6 mutant (B) showing sensitivity to KCN at 3mM in comparison to a YPD control. n =
4 87



To confirm the phenotype seen in the repeated screens (Fig. 3.12a), we repeated the experiment
with a strain set from the Chang lab?”® which included the parental strain of the mutant (H99P) Aypk1
mutant, Aypk1 mutant + YPK1 flag at the locus, and two kinase-dead mutants, Aypk7 + YPK-K274A
and Aypk1 + YPK-D386A at both 30°C (Fig. 3.13a) and 37°C (Fig. 3.13b). As expected loss of Ypk1
led to KCN sensitivity that could be rescued by the re-expression of a YPK1-flag but not by either

kinase dead mutant at 30°C (Fig. 3.13a), or 37°C (Fig. 3.13b).

30°C

YPD + 3mM KCN

37°C

YPD YPD + 3mM KCN

e @ @ -

Aypkl + YPK-flag at locus —» ‘ . &
Aypkl + YPK-K274A — . ® =
Aypkl + YPK-D386A — PN

Figure 3.13: Confirmation of Aypk1 mutant sensitivity to KCN stress.

Confirmation of Aypk1 sensitivity to KCN in reference to a lab wildtype strain (H99), the
parental H99 strain (H99P) a Aypk1 mutant + YPK1 flag at the locus, and two kinase-dead
mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A was carried out at 30°C (A) and 37°C
(B).n=3
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3.2.10 Ypk1 is required to maintain C. neoformans respiration

To assess whether the growth inhibition seen in Fig. 3.13 was due to respiratory disruption, we
investigated the respiratory profile of H99 and Aypk1 mutant C. neoformans using HRR.
Respirometer chambers were inoculated with 1 x 10° cells from a culture grown for 24 h at 37°C
and treated with 3mM KCN where indicated (Fig. 3.14). Our data suggested that loss of Ypk1 led to
a dramatic reduction in respiration that was only partially rescued by the YPK1-flag re-integration,
which was unexpectedly restored by expression of the kinase dead Ypk1 mutants (Fig. 3.14f). We
also observed that KCN addition led to a significant spike in oxygen consumption in all strains (Max)
followed by a drop to routine levels (Fig. 3.14a), although this spike was not statistically significant
in the Aypk1 mutant (Fig. 3.149). All of the strains tested mirrored the effect seen in the wildtype
(Fig. 3.14a) whereby no induction of alternative respiration was seen. Interestingly, the kinase dead
mutant Aypk1 + YPK-D386A, however, did show a slower decline in respiration rate after the
maximum respiratory spike induced by KCN addition (Fig. 3.14e). This data suggests that Ypk1 is
required for controlling routine respiration and loss of this kinase may also affect rapid oxygen

consumption.

30U 129

Routine

L]

02 Concentration (A) [nmoliml]
02 Flow per cells (A) [pmoli(s*Mill)]

6156 7:17 7:38 7:59 8:20 8:40
Range [h:min]: 2:05
3mM KCN
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Figure 3.14: Respiratory profiles of Aypk1 mutant C. neoformans exposed to KCN.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with KCN where indicated (A) H99
Parental (H99P) + KCN, (B) Aypk1 + KCN, (C) Aypk1 mutant + YPK1 flag at the locus + KCN,
(D) Aypk1 + YPK-K274A + KCN, (E) Aypk1 + YPK-D386A + KCN. Measurements of routine
respiration were taken and compared across all strains (F) Maximum (Max) and minimum (Min)
respiration (O2 flow per cells) after drug exposure were taken and compared to the routine level
of respiration (Routine) for each strain as indicated in (G). Significance was calculated using
Dunnett’'s multiple comparisons test following a one-way ANOVA in GraphPad Prism. * <0.05, **
<0.005, **** <0.0001, where P = 0.05. Error bars represent £ SD. n=3 91



3.2.11 Loss of Ypk1 does not decrease C. neoformans melanisation under KCN stress

After assessing that Ypk1 is required for normal respiration and given the known links between
mitochondrial function and stress response we wanted to investigate the effects of loss of Ypk1 upon
exposure to mitochondrial stress. Parental H99 C. neoformans (H99P), a Aypk1 mutant, a Aypk1
mutant + YPK1 flag at the locus, and two kinase dead mutants, Aypk7 + YPK-K274A and Aypk1 +
YPK-D386A, were treated with either YPD or 3mM KCN for 2 h at 37°C. They were then plated onto
melanisation agar (Section 2.5.7) for a further incubation at 30°C (Fig. 3.15a) or 37°C (Fig. 3.15b)
for 2 or 3 days, respectively. Mean grey values were measured in ImageJ and significance was
recorded in GraphPad Prism after background correction, in comparison to a YPD control. Loss of
Ypk1 led to a significant increase in melanisation, but this was not rescued by expression of the
YPK1-flag. Our data also showed that KCN addition did not affect the Aypk7 mutant and Aypk1
mutant + YPK1 flag at the locus melanisation response at 30°C (Fig. 3.15a) or 37°C (Fig. 3.15b)
although the kinase dead mutant Aypk1 + YPK-D386A showed far lower melanisation capacity
across all conditions. This indicated that the D386A residue is essential for the melanisation
response, but in conjunction with our data from Fig. 3.14 showing that KCN did not inhibit Aypk1 +
YPK-D386A respiration, we can conclude that melanisation is not linked to the classical ETC by
Ypk1. However, we cannot rule out the possibility that the strain set used may contain a background

mutation that affects melanisation independently of Ypk1.
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Figure 3.15: Melanisation of Aypk1 mutant C. neoformans treated with KCN.

Parental H99 C. neoformans (H99P), Aypk1 mutant C. neoformans, a Aypk1 mutant + YPK1 flag
at the locus, and two kinase dead mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A were
treated with either YPD or 3mM KCN for 2 h at 37°C. Treated cultures were then plated onto
melanisation plates containing L-DOPA and incubated at either 30°C (A) or 37°C (B). Mean grey
values were measured in ImagedJ and following background correction, significance was
calculated using Dunnett’s multiple comparisons test following a one-way ANOVA in GraphPad

Prism. * <0.05, ** <0.005, *** < 0.0005, **** <0.0001, where P = 0.05. Error bars represent + SD.
n=3 94



3.2.12 Screening for the effect of Azoxystrobin on Aypk1 mutant C. neoformans

As we had observed different responses to mitochondrial stress between Complex Il and Complex
IV inhibition in relation to Aox, we also tested the effects of Azoxystrobin addition (Complex IlI
inhibition) on cells lacking Ypk1 function. Parental H99 C. neoformans (H99P), Aypk1 mutant C.
neoformans, a Aypk1 mutant + YPK1 flag at the locus, and two kinase dead mutants, Aypk1 + YPK-
K274A and Aypk1 + YPK-D386A were screened for Azoxystrobin sensitivity though plating on YPD
containing 20uM Azoxystrobin for 48 h at 30°C (Fig. 3.16a) and 37°C (Fig. 3.16b). Interestingly,
Aypk1, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A all showed sensitivity to Azoxystrobin which
was most prominent at 37°C (Fig. 3.16b).

A 30°C

YPD + 20uM Azoxystrobin

Aypkl + YPK-flag at locus — ‘ ‘ 8

Aypkl + YPK-K274A — ‘ Q

Aypkl + YPK-D386A —, ‘ @}

Figure 3.16: Identification of Aypk1 mutant sensitivity to Azoxystrobin stress.
Confirmation of Aypk1 sensitivity to 20uM Azoxystrobin in reference to the parental H99 strain
(H99P) a Aypk1 mutant + YPK1 flag at the locus, and two kinase-dead mutants, Aypk1 +

YPK-K274A and Aypk1 + YPK-D386A was carried out at 30°C (A) and 37°C (B). n = 3. 9
5



3.2.13 Aypk1 mutant C. neoformans is sensitive to growth inhibition by Azoxystrobin

To confirm the result of the Azoxystrobin sensitivity (Section 3.2.12) in liquid media, parental H99 C.
neoformans (H99P), Aypk1 mutant C. neoformans, a Aypk1 mutant + YPK1 flag at the locus, and
two kinase dead mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A, were screened for
Azoxystrobin sensitivity in comparison to a methanol solvent control (Fig. 3.17b). Interestingly, while
Aypk1 and Aypk1 + YPK-K274A were sensitive to growth inhibition by both methanol (Fig. 3.17b)
and Azoxystrobin (Fig. 3.17c) the kinase dead mutant Aypk71 + YPK-K274A showed slower growth
in the presence of methanol but was more sensitive to Azoxystrobin (Fig. 3.17c). However, the
sensitivity of Aypk1 mutants to Azoxystrobin and methanol could be rescued by expression of a

YPK1-flag (Fig. 3.17b, 3.17¢).
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Figure 3.17: Screening for the effect of Azoxystrobin on Aypk1 mutant C. neoformans.
Parental H99 C. neoformans (H99P), Aypk1 mutant C. neoformans, a Aypk1 mutant + YPK1 flag
at the locus, and two kinase-dead mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A cultures
were grown in (A) YPD, (B) YPD + Methanol and (C) YPD + 20uM Azoxystrobin for 48 h at 37°C.
Graphs were created in GraphPad Prism. Error bars represent + SD. n=9

3.2.14 Aypk1 melanisation is not significantly affected by Azoxystrobin

After assessing that Aypk7 mutant is sensitive to growth inhibition by Azoxystrobin, a melanisation
assay was carried out to assess the effect of loss of Ypk1 upon exposure to mitochondrial stress via
Complex Il inhibition. Parental H99 C. neoformans (H99P), Aypk1 mutant C. neoformans, a Aypk1
mutant + YPK1 flag at the locus, and two kinase dead mutants, Aypk7 + YPK-K274A and Aypk1 +
YPK-D386A cultures were inoculated with YPD containing 20uM Azoxystrobin for 2h at 37°C. They
were then plated onto melanisation agar for a further incubation at 30°C (Fig. 3.18a) or 37°C (Fig.
3.18b) for 2 or 3 days, respectively. Mean grey values were measured in ImagedJ and significance
was recorded in GraphPad Prism after background correction, in comparison to both a YPD control
and a methanol control. Interestingly, Azoxystrobin addition did not seem to significantly affect
melanisation of any strain tested at 30°C (Fig. 3.18a) or 37°C (Fig. 3.18b) in comparison to a YPD
or methanol control but Aypk1 + YPK-D386A showed lower melanisation capacity at both 30°C (Fig.

3.18a) and 37°C (Fig. 3.18b), which confirmed the phenotype seen in Fig. 3.15.
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Figure 3.18: Melanisation of Aypk1 mutant C. neoformans treated with Azoxystrobin.

Parental H99 C. neoformans (H99P), Aypk1 mutant C. neoformans, a Aypk1 mutant + YPK1 flag
at the locus, and two kinase dead mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A were
treated with YPD, a methanol solvent control, or 20uM Azoxystrobin for 2 h at 37°C. Treated
cultures were then plated onto melanisation plates containing L-DOPA and incubated at either
30°C (A) or 37°C (B). Mean grey values were measured in Imaged and following background
correction, significance was calculated using Dunnett’s multiple comparisons test following a one-
way ANOVA in GraphPad Prism. * <0.05, ** <0.005, *** < 0.0005, **** <0.0001, where P = 0.05.
Error bars represent £ SD.n =3
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3.3 Discussion

3.3.1 C. neoformans Aox shows high sequence homology to oleaginous, non-pathogenic
yeasts

Our data suggested that C. neoformans Aox showed a high sequence homology to Aox enzymes
from oleaginous yeasts found in warm, rich soil and water areas like mangroves (Fig. 3.1). However,
some Trichosporon species that showed high Aox sequence homology such as Trichosporon asahii
are known for varied clinical manifestations in immunocompromised patients?. Oleaginous yeasts
are defined as yeasts that have a high number of intracellular and extracellular lipids and
triacylglycerides, making up at least 20% of the whole cell mass?**. However, Cutaneotrichosporon
species can generate up to 70% of its dry cell mass as lipids when utilising aromatics as a carbon
source?®® and as such are of interest to the biotechnology industry for sustainable lipid resources.
C. neoformans Aox showed high sequence similarity to oleaginous yeasts rather than key human
fungal pathogens, but still maintained conserved residues linked to iron binding (Appendix 7.1b).
This, along with our data showing that Aox did not actively contribute to normal respiration (Fig. 3.5),
indicates that C. neoformans may not rely on Aox directly for pathogenicity, but rather regular cellular
stress maintenance such as membrane integrity, lipid shuttling and remodelling, which may be a

viable target for future therapeutics.

3.3.2 C. neoformans Aox is required for resistance to Complex lll inhibition

Following our observation that Aox was not actively contributing to respiration during normal growth,
we wanted to assess whether Aox activity was inducible under mitochondrial stress. Interestingly,
when mitochondrial Complex Il was inhibited by Azoxystrobin, a variable-sensitivity phenotype was
observed for Aaox1 in both growth (Fig. 3.6) and respiration (Fig. 3.7) whereby the population either
displayed complete sensitivity or robust growth and respiration under the same conditions. For

wildtype C. neoformans, however, there was little effect of Azoxystrobin availability on growth (Fig.
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3.6a) and Azoxystrobin addition led to an increase in respiration (Fig. 3.7a) and viability (Fig. 3.8),

which indicates that Azoxystrobin induces Aox activity in the wildtype.

While our data suggested that C. neoformans sensitivity to Azoxystrobin was Aox dependent, the
variable sensitivity seen by Aaox1 did not confer a loss of viability (Fig. 3.8). One possibility is that
Aox is involved in a switch to a quiescent state under conditions of mitochondrial stress. This induced
quiescence, also referred to as dormancy in cryptococcosis, is a well-known phenomenon in which
patients undergo latent infection, which can then reactivate upon immunosuppression™?. It is thought
that this dormancy switch is used to resist and survive extreme stresses, resulting in metabolically
quiescent cells that are viable, but non-culturable (VBNC)?%. Studies have shown that VBNC cells
have low metabolic activity, but high mitochondrial mass and specific proteomic secretion patterns
which are critical for survival within the host?®8. Interestingly, the mitochondrial fatty acid pathway
and acetyl-CoA are thought to be involved in VBNC generation and maintenance, so it is tempting
to speculate that C. neoformans Aox could act as a switch involved in generation of the VBNC

phenotype, perhaps through fatty acid signalling.

3.3.3. C. neoformans Aox does not confer resistance to Complex IV inhibition

After establishing that Aox was required for resistance to Complex Il inhibition, we wanted to
investigate the effect of Complex IV inhibition on C. neoformans via KCN addition. Interestingly,
although Azoxystrobin addition led to a variable phenotype in Aaox7 mutant populations, addition of
KCN did not induce respiration (Fig. 3.9) or a change in viability (Fig. 3.10) in both wildtype and
Aaox1 mutant C. neoformans. This, in conjunction with our data showing no reduction in viability
after Azoxystrobin treatment (Fig. 3.8), indicated that C. neoformans is able to survive under

conditions of mitochondrial stress, but this does not seem to require Aox induction.

Our data so far suggests that Aox induction may be linked to the activity of Complex Ill, while
inhibition of Complex IV is not coupled to Aox regulation (at protein level or activity). It is well known

that inhibition of Complex Il stops electron transfer, leading to a disruption of FET and generating a
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build-up of electrons in the UQP which contributes to ROS production?®’. Given that Complex Ill and
Aox share the same source of electrons from the UQP, but Complex IV does not, this data supports
the given proposal in Section 1.3.8., where we suggested that an accumulation of electrons in the
UQP and loss of FET may induce RET via Aox, and high ApH or ROS may act as a signal for VBNC
cell induction. We may be able to test for this by investigating the culturability and viability of both
wildtype cells and C. neoformans cells lacking Aox, using changes in pH and ROS inducing agents
such as hydrogen peroxide (H202), followed by treatment with pantothenic acid. Given that VBNC
cells are able to survive stress but reactivate upon treatment with pantothenic acid 2%, this would

allow us to test whether VBNC is induced and whether this process is reliant on Aox activity.

3.3.4 Ypk1 is required for resistance to Complex lll and Complex IV inhibition

Following our findings that Aox is not involved in resistance to Complex IV inhibition, we wanted to
identify regulators of mitochondrial function that may contribute to Complex IV stress. Through a
kinase knockout library screen for sensitivity to KCN addition we identified that Ypk1 may play a role
in this regulation (Fig. 3.12). Ypk1 has been implicated in fluconazole tolerance, which is associated
with sphingolipid biosynthesis, mitochondrial dysfunction, and membrane growth and cell wall
expansion?”. In combination with Target of Rapamycin Complex 2 (TORC2), Ypk1 has been shown
to regulate actin polarisation and regulated cell death through mitochondrially generated ROS
regulation?®®2®2, The in-depth signalling interactions of Ypk1 in sphingolipid biosynthesis and
mitochondrial function have been discussed in Chapter 6. Interestingly, we observed that Aypk1
mutant C. neoformans had a far lower routine respiration than the wildtype, and KCN addition
stopped Aypk1 respiration (Fig. 3.14) although the kinase dead mutant Aypk1 + YPK-D386A
exhibited a slower decline in respiratory activity (Fig. 3.14e). This indicated that Ypk1 has a role in

maintenance of routine respiration.

After establishing Aypk1 mutant sensitivity to Complex IV inhibition, we wanted to assess the effect
of Complex Il inhibition via Azoxystrobin addition on cells lacking Ypk1. Interestingly, addition of

Azoxystrobin inhibited growth (Fig. 3.17) and viability (Fig. 3.16) of both the Aypk1 mutant, and the
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kinase dead mutants, Aypk1 + YPK-K274A and Aypk1 + YPK-D386A (Fig. 3.17c, and Fig. 3.16b,
respectively), mirroring the effect of Complex IV inhibition. These results indicate that Ypk1 is
involved in mitochondrial respiratory maintenance under stress, and loss of this kinase activity

confers sensitivity to mitochondrial inhibition, leading to a loss of growth and viability.

Ypk1 has been implicated with TORC2 in sphingolipid homeostasis?®, which is critical for
mitochondrial function and cell membrane remodelling under stress. The downstream targets of
Ypk1 include Lac1 and Lag1 ceramide synthases, which through ceramides stimulate the synthesis
of complex sphingolipids?®® 2%2, Studies have shown that phosphorylation of Lac1 and Lag1 by Ypk1
is essential for cell survival under stress®°, as it is thought that TORC2-Ypk1 activity directs the cell
away from autophagy by utilising of long chain base compounds (LCB) like phytosphingosine3®
before phosphorylation (LCBP) to avoid accumulation of toxic LCBPs which are detrimental to yeast
growth®® 301 As Ypk1 has a role in sphingolipid biosynthesis in response to stress, as well as
prevention of metabolite mediated autophagy initiation, loss of this kinase might disrupt membrane
lipid integrity, leading to toxic build-up of sphingolipid metabolites and autophagy initiation. This may
impact mitochondrial function through the dysregulation of ceramide synthesis, which may control
mitochondrial fate under ETC stress. However, further investigations into the role of ceramide in

fungal mitochondria are required.

One other possibility given the change in respiration changes observed upon Ypk1 deletion is the
involvement of sphingolipid processes in oxygen consumption. As Ypk1 is involved in sphingolipid
biosynthesis and signalling, one could propose that off target signalling changes may account for
changes to oxygen consumption, such as ceramide desaturase. Membrane-bound lipid desaturases
account for changes in oxygen consumption, for example trans 4,5 desaturation of ceramide through
DEGS1/23%2.3%3 DEGS 1/2 also acts as a bifunctional sphingolipid A4 desaturase3’? 3% indicating a
link between sphingolipid ceramide signalling pathways. Although ceramide signalling has been well
documented in mammalian cells®® 3%, further studies are required to fully understand ceramide

involvement in C. neoformans. However, recent studies of ceramide synthases in C. neoformans
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pathogenicity®®”, and known complex sphingomyelinase signalling for oxygen sensing and
hypoxia3® 308309 |eads to speculation that similar processes in fungi may be involved in response to
oxidative stress, and so the links between ceramide signalling and sphingolipid biosynthesis
pathways should be explored. The presence of the membrane bound desaturase, sphingolipid 4-
desaturase in C. neoformans®°, which is predicted to consume oxygen®'3", indicates that
investigations into sphingolipid control of oxygen consumption should be considered. Observing the
respiratory rate and transcriptional response of Aypk?1 mutant and ceramide mutant C. neoformans
through HRR under hypoxia or H202 treatment may shed light on the interconnecting signalling

pathways that regulate C. neoformans oxygen consumption.

Our data suggests that C. neoformans resistance to inhibition of mitochondrial complexes Il and IV
requires functional Ypk1. Loss of this kinase confers reduced growth and culturability, perhaps
through disruption of complex sphingolipid production and crosstalk for mitochondrially mediated
cell death mechanisms. The speculative roles of Ypk1 in these processes has been discussed

further in Chapter 6.

3.3.5 Full kinase activity of Ypk1 is required for melanisation

Given our hypothesis that an active Ypk1-mediated sphingolipid pathway is required for resistance
to Complex Ill and Complex IV inhibition, we wanted to assess the impact of Ypk1 deletion on
melanisation. As melanisation is induced under a range of stresses for cellular protection, we wanted
to see whether mitochondrial inhibition in the absence of Ypk1 would lead to any defects in
melanisation capacity. Interestingly, addition of Azoxystrobin (Fig. 3.18) or KCN (Fig. 3.15) did not
induce any changes in melanisation, and so we can conclude that mitochondrial stress at Complex
[l or Complex IV does not correlate with melanisation. In addition, the Aypk1 mutant C. neoformans
did not show a significant reduction in melanisation capacity in comparison to the wildtype when
treated with KCN (Fig. 3.15) or Azoxystrobin (Fig. 3.18), although the Ypk1-flag re-integration mutant

showed an increase in melanisation across all conditions (Fig 3.15, Fig. 3.18). Although melanisation
104



was generally lower at 30°C (Fig. 3.15a, Fig.3.18a) than at 37°C (Fig. 3.15b, Fig. 3.18b), this was
expected as melanisation in wildtype C. neoformans is optimally induced at 37°C *'* and this allowed
us to observe any defects in melanisation induction at 37°C. For example, the kinase dead mutant
Aypk1 + YPK-D386A showed a clear reduction in melanisation capacity across all conditions,
regardless of temperature (Fig. 3.15, Fig. 3.18). This therefore indicates that Ypk1 is involved in

melanisation signalling, and that the D386A residue of Ypk1 is essential for this process.

C. neoformans melanisation is a regulated process which involves multiple transcription factors such
as Hob1, Usv101 and Mbs1, all of which play a role in Lac1 induction®. Lac1, a laccase enzyme
that is involved in eumelanin pigment production under environmental stresses, oxidative damage,
and phagocytosis, is also a ceramide synthase subunit®:*>, Interestingly, PDK1 and TORC2 can
activate Ypk1 through phosphorylation of Thr504 within the activation loop, which spans from
residue 341 to 60288316317 | ac1 has been identified as a substrate for activated Ypk12%°, which not
only induces ceramide synthesis but catalyses diphenol substrate polymerisation into melanin3'8-320,
The clear melanisation defect seen in Aypk1 + YPK-D386A indicates that mutations within or
surrounding the activation loop may disrupt melanisation signalling through the loss of Ypk1-
dependent Lac1 activation, which may increase C. neoformans sensitivity to oxidative stress
imposed by mitochondrial complex inhibition. However, loss of Ypk1 entirely may induce a

secondary melanisation pathway to maintain melanisation, which is discussed in Chapter 6.
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4. Investigating the metabolic requirements of C. neoformans

4.1 Introduction

Survival and adaption of C. neoformans is reliant on metabolic flexibility, nutrient scavenging, and
sequestration within the human host. As C. neoformans transmits from nutrient rich soils to the harsh
environment within host macrophages several virulence mechanisms are activated to provide
metabolic relief and promote survival® *' 322 including lipid metabolism?®*?, iron homeostasis®*, and
urease utilisation32®. While our data has shown that C. neoformans relies on normal mitochondrial
activity to support cell division, studies have identified different genes expressed during multiple
stages of infection for adaptive growth within the host?®°, and biologically relevant stresses®*®. There
is a lack of comprehensive knowledge of the nutrients that can be utilised by, are essential for or
can inhibit C. neoformans growth. The screen was performed on wildtype and Aaox1 cells in parallel

in the hope that this would reveal additional functions for Aox1.
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4.2 Results

4.2.1 BIOLOG metabolite screen for wildtype and Aaox7 C. neoformans

We wanted to assess whether cells lacking Aox presented a different ability to utilise nutrients or
withstand stressors when added to minimal media that supports a low level of growth. To achieve
this, we carried out a BIOLOG system phenotypic microarray™ as described previously?4. Both WT
H99 and Aaox1 mutant C. neoformans were grown in 10 different BIOLOG plates containing a range
of metabolites from carbon source utilisation to pH stress adaptability. A summary of each BIOLOG
plate tested in this study can be seen in Table 4.1, and the composition of each plate can be found

in Section 2.5.5.

Table 4.1: Summary of BIOLOG plates

Plate Description

PM1 Carbon Source Utilisation

PM2 Carbon Source Utilisation

PM3 Nitrogen Source Utilisation

PM4 Phosphate and Sulphate Source Utilisation
PM5 Nutrient Supplement Utilisation

PM6 Utilisation of Peptides as a Nitrogen Source

(Peptide Nitrogen Source Utilisation)

PM7 Utilisation of Peptides as a Nitrogen Source
(Peptide Nitrogen Source Utilisation)

PM8 Utilisation of Di- and Tripeptides as a Nitrogen
Source (Peptide Nitrogen Source Utilisation)
PM9 Osmolyte Stress Adaption

PM10 pH Stress Adaption
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Both WT H99 and Aaox7 mutant C. neoformans were tested in each plate condition in triplicate and
analysed using Growthcurver (R Studio) as indicated by the workflow replication in Fig. 4.1, to
produce area under the curve (AUC) values. Reproducible conditions from each plate type were
generated into heatmaps and significance was determined using a one-way ANOVA in GraphPad

Prism.
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Figure 4.1: Representative schematic illustrating the determination of AUC values.

Representative example of a PM8 plate whereby (A) WT H99 (blue) and Aaox? mutant (red)
C. neoformans were grown in 96 wells and analysed using Growthcurver in R Studio to
generate area under the curve (AUC) values (B). The negative control was located in the well
A1, which is highlighted in green. 108



4.2.2 Wildtype C. neoformans can utilise a wider range of carbon sources than cells lacking
Aox1

C. neoformans is a Crabtree negative yeast which is reliant on respiration for energy generation,
and in doing so is thought to utilise both glucose and alternative carbon sources such as mannose,
xylose and mannitol 3¥. To investigate whether C. neoformans can use a variety of non-glucose
carbon sources for growth, both wildtype and Aaox7 mutant C. neoformans cells were inoculated in
PM1 (Fig. 4.2a, 4.2b) and PM2 (Fig. 4.2c, 4.2d) carbon source plates as described in 2.5.5.
Resultant AUC values were measured in comparison to a negative control composed of minimal
media only, to assess the effects of each supplement on growth. Heatmaps representing

reproducible changes in AUC were generated in GraphPad Prism.

For PM1 plates, both H99 (Fig. 4.2a) and Aaox1 (Fig. 4.2b) were able to use D-Mannose, Dulcitol,
a-D-Glucose, evidenced by a significant increase in growth, however H99 could also use D-
Trehalose and D-Fructose as a carbon source for growth (Fig. 4.2a). Interestingly, when grown in
PM2 plates, both H99 and Aaox1 utilised different additives for growth. H99 was able to use Pectin
to significantly increase the AUC value, but growth was inhibited by Caproic Acid (Fig. 4.2c) while
Aaox1 mutant C. neoformans cells showed a significantly increased AUC in the presence of Gelatin
and B-Hydroxy Butyric Acid, but Caproic Acid had no significant effect (Fig. 4.2d). A summary of all
of the carbon sources that significantly affected C. neoformans growth can be found in Fig. 4.2e for

PM1 and Fig. 4.2f for PM2.
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Figure 4.2: C. neoformans carbon source utilisation.

Biological triplicates of WT (H99) and Aaox7 were grown in the presence of different carbon
source additives (Additive) using the BIOLOG system and the area under the curve was
recorded (AUC). (A) PM1 / H99, (B) PM1 / Aaox1, (C) PM2 / H99, (D) PM2 / Aaox1, with a
summary of statistically significant hits for (E) PM1 and (F) PM2. Significance was calculated
using Dunnett’s multiple comparisons test following a one-way ANOVA in GraphPad Prism. * <
0.05, ** < 0.005, *** < 0.0005, **** <0.0001, where P = 0.05. Error bars represent £ SD. n =3

4.2.3 C. neoformans can utilise peptides as a nitrogen source

Accumulation and regulation of nitrogen sources is essential for fungal pathogenicity in the nutrient-
scarce host 3%, so we wanted to investigate whether C. neoformans could utilise a variety of nitrogen
sources for growth. Both wildtype and Aaox7 mutant C. neoformans were inoculated in PM3 (Fig.
4.3) nitrogen source plates as described and resultant AUC values were measured in comparison
to a negative control to assess additive impact on cellular growth. Interestingly, while an increased

AUC was observed for some replicates, no statistical significance was observed in the PM3 plates
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for either H99 (Fig. 4.3a) or Aaox1 (Fig. 4.3b) in comparison to a negative control, which may be in

part attributed to disparities in reproducibility in the PM3 plate set.
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Figure 4.3: C. neoformans utilisation of nitrogen sources for growth in PM3.

Biological triplicates of WT (H99) and Aaox7 mutant C. neoformans cells were grown in the

presence of different nitrogen source additives (Additive) using the BIOLOG system and the

area under the curve was recorded (AUC). (A) PM3 / H99, (B) PM3 / Aaox1. Significance was

calculated using Dunnett’s multiple comparisons test following a one-way ANOVA in GraphPad

Prism. No significance was observed. n = 3.
However, C. neoformans cultures were also inoculated into other nitrogen source plates (PM6, PM7
and PM8) from the BIOLOG system as described (Section 2.5.5) and the calculated AUC values
were compared to a negative control for each replicate. Interestingly, additives across PM6, PM7
and PM8 significantly affected the growth of wildtype cells, and summaries of significant hits from
each plate can be found in Fig. 4.4e. 4.4f, and 4.4i, respectively. Ala-Asn, Ala-Lys, Ala-Pro, Arg-lle,
Arg-Lys, Arg-Met, Arg-Trp, Asp-Leu, Asp-Lys, Asp-Phe, Asp-Val, GIn-GIn, Glu-Ser, Glu-Tyr, Gly-Ala,
Gly-Arg, Gly-Gly, Gly-Phe, Gly-Ser, Gly-Val and lle-GIn all significantly increased growth of H99 in
the PM6 plate (Fig. 4.4a, 4.4e). For PM7, addition of Leu-Ser, Lys-Leu, Lys-Pro, Met-GIn, Phe-Gly

and Ser-Phe dipeptides showed an increased AUC value for H99 (Fig. 4.4c, 4.4f). The dipeptides
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Ala-GIn, Asp-Ala, Asp-GIn, Asp-Gly, Glu-Ala, Gly-Asn, Gly-Asp, lle-Asn, Leu-Asn, Lys-Gly, Lys-Met,
GIn-Glu, Phe-Tyr, Ser-Asn, Ser-GIn, Ser-Glu, Thr-Ser, Val-GIn, Val-Phe, Val-Ser, Ala-Ala-Ala, and
the tripeptides Gly-Gly-Ala, Gly-Gly-Gly, Gly-Gly-lle, Gly-Gly-Leu, Gly-Gly-Phe, Leu-Gly-Gly, Phe-

Gly-Gly, Tyr-Gly-Gly from PM8 also significantly increased growth of H99 (Fig. 4.4q, 4.4i).

Interestingly, Aaox1 cells in both PM6 (Fig. 4.4b) and PM7 (Fig. 4.4d) showed no significant growth
changes in these plates, which mirrored the result for PM3 (Fig. 4.3b). However, for PM8, which
included tripeptides, addition of the dipeptides Ala-Asp, Ala-GIn, Ala-Val, Asp-GIn, Asp-Gly, Gly-Asn,
Gly-Asp, lle-Asn, Lys-Gly, Lys-Met, GIn-Glu, Ser-GIn, Ser-Glu, Thr-Ser, Val-GIn, Val-Lys, and
addition of the tripeptides Gly-Gly-Ala, Gly-Gly-Leu, Gly-Gly-Phe, Gly-Phe-Phe, Leu-Gly-Gly, Phe-
Gly-Gly, and Tyr-Gly-Gly all significantly increased Aaox7? cell growth (Fig. 4.4f). A summary of

additives that significantly affected Aaox7 cell growth in the PM8 plate can be found in Fig. 4.4i.
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PMS8 Nitrogen Source Utilisation
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Figure 4.4: C. neoformans utilisation of nitrogen sources for growth in PM6, PM7, and
PM8 plates.

Biological triplicates of WT (H99) and Aaox7 mutant C. neoformans cells were grown in the
presence of different peptides as a nitrogen source (Additive) using the BIOLOG system and
the area under the curve was recorded (AUC). (A) PM6 / H99, (B) PM6 / Aaox1 (C) PM7 / H99,
(D) PM7 / Aaox1 (E) Summary of significant hits from PM6 / H99, (F) Summary of significant
hits from PM7 / H99, (G) PM8 / H99, (H) PM8 / Aaox1, (I) Summary of significant hits from PM8

/ H99 and PM8 / Aaox1. Significance was calculated using Dunnett’s multiple comparisons test
following a one-way ANOVA in GraphPad Prism. * < 0.05, ** < 0.005, *** < 0.0005, **** <0.0001,
where P = 0.05. Error bars represent £ SD. n = 3. 120



4.2.4 Phosphorus and sulphur sources significantly increase Aaox7 mutant C. neoformans
growth

Following the assessment of carbon and nitrogen source availability on C. neoformans growth,
phosphorus and sulphur source utilisation by WT and Aaox?1 mutant cells was investigated. C.
neoformans cultures were inoculated into PM4 plates from the BIOLOG system containing
phosphorus and sulphur sources and the calculated AUC values were compared to a negative
control. Interestingly, although a higher number of repeatable hits were found for H99 (Fig. 4.5a),
only Adenosine- 2’,3’, -cyclic monophosphate significantly increased growth. However, for PM4
plates inoculated with Aaox? cells, Phosphate, Tripoly-phosphate, Adenosine- 2°,3’, -cyclic
monophosphate, Phosphoenol Pyruvate, D-Glucose-6-Phosphate, D-Mannose-1-Phosphate,
Cysteamine-S-Phosphate, Uridine-3’-monophosphate, O-Phospho-L-Tyrosine, O-Phosphoryl-
Ethanolamine, Thymidine-5’-monophosphate, Inositol Hexaphosphate, Sulfate and Glutathione all
significantly increased growth in comparison to a negative control (Fig. 4.5b). The summary of

additives that increased growth of Aaox17 cells in the PM4 plate can be found in Fig. 4.5c.
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Figure 4.5: C. neoformans phosphorous and sulphur source utilisation.

Biological triplicates of WT (H99) and Aaox7 were grown in the presence of different
phosphorous and sulphur source additives (Additive) using the BIOLOG system and the area
under the curve was recorded (AUC). (A) PM4 / H99, (B) PM4 / Aaox1, (C) Summary of
significant hits from PM4 / Aaox1. Significance was calculated using Dunnett’'s multiple
comparisons test following a one-way ANOVA in GraphPad Prism. * < 0.05, ** < 0.005, ****
<0.0001, where P = 0.05. Error bars represent + SD.n =3 123



4.2.5 Addition of key biosynthetic pathway substrates does not significantly affect C.

neoformans growth

We wanted to investigate how well C. neoformans could utilise biosynthetic pathway substrates in

minimal media, as creation of multiple complex intermediates from simpler substrates enables rapid

cellular signalling and remodelling in a limiting environment such as the nutrient scarce host, which

could enhance pathogenicity. To assess biosynthetic pathway substrate addition on C. neoformans

growth, wildtype H99 and Aaox1 cultures were inoculated into PMS5 plates from the BIOLOG system

and the calculated AUC values were compared to a negative control (Fig. 4.6). Interestingly, none

of the substrate additives provided significantly affected growth of H99 (Fig. 4.6a) or Aaox1 (Fig.

4.6b), with Aaox1 cells grown in the PM5 plate producing very few repeatable hits.
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Figure 4.6: C. neoformans BIOLOG nutrient supplement utilisation.
Biological triplicates of WT (H99) and Aaox1 were grown in the presence of different BIOLOG
nutrient supplements (Additive) using the BIOLOG system and the area under the curve was
recorded (AUC). (A) PM5/ H99, (B) PM5 / Aaox1. Significance was calculated using Dunnett’s
multiple comparisons test following a one-way ANOVA in GraphPad Prism. No significance was

observed. n = 3.
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4.2.6 Effects of pH on C. neoformans growth

One key virulence factor observed in C. neoformans is its ability to survive the harsh, acidic
phagolysosome of macrophages?’, which is thought to heavily contribute to host dissemination and
dragotcytosis. We therefore wanted to assess whether loss of Aox would change sensitivity to pH
stress. Wildtype H99 and Aaox1 cultures were inoculated into PM10 plates from the BIOLOG system
that contained different pH conditions and the calculated AUC values were compared to a negative
control (Fig. 4.7). Our data showed that pH values ranging from pH 5 — 7 displayed an increase in
AUC value for both H99 (Fig. 4.7a) and Aaox1 cells (Fig. 4.7b), although both strains were sensitive
to pH 9.5 and pH 10. A summary of significant hits for pH effect on growth for both strains can be

found in Fig. 4.7c.

While pH 4.5 alone had no significant effect on growth of H99 (Fig. 4.7a) or Aaox1 (Fig. 4.7b), pH
4.5 supplemented with all given additives apart from L-Glutamic Acid, L-Isoleucine, L-Leucine, L-
Threonine, and L-Homoserine also showed an increase in growth for H99 (Fig. 4.7a). PM10 plates
containing Aaox1 cells showed a similar result, whereby pH 4.5 supplemented with L-Glutamine,
Glycine, L-Histidine, L-Lysine, L-Phenylalanine, L-Threonine, L-Tyrosine, L-Valine, Hydroxy- L-
Proline, L-Ornithine, L-Homoarginine, L-Norleucine, B-Hydroxy Glutamate, 5-Hydroxy Lysine, 5-
Hydroxy Tryptophan, D,L-Diamino pimelic acid and Trimethyl amine-N-oxide showed an increase in
AUC value (Fig. 4.7b). Interestingly, pH 4.5 + a-Amino malonate displayed a reproducible inhibition
of both H99 and Aaox7 growth. Significant loss of wildtype (Fig. 4.7a) and Aaox1 (Fig. 4.7b) growth
at pH 9.5 and pH 10 could not be rescued by supplement addition, and both strains showed
sensitivity to X-Caprylate, X-a-D-Glucoside, X-B-D-Galactoside, X-a-D-Glucuronide, X-B-D-
Glucuronide, X-B-D-Glucosaminide, X-B-D-Galactosaminide and X-SO4 (Fig. 4.7a, 4.7b). A
summary of both pH 4.5 with additives that significantly affected growth of H99 and Aaox17 can be
found in Fig. 4.7d, while statistically significant hits for pH 9.5 with additives can be found in Fig.

4 7e for both strains.
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PM10 pH Stress Adaption
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Figure 4.7: C. neoformans pH stress adaption.

(Additive) using the BIOLOG system and the area under the curve was recorded (AUC). (A)
PM10/H99, (B) PM10/ Aaox1. (C) Summaries of statistically significant pH conditions affecting
both H99 and Aaox1 cell growth. (D) Summaries of statistically significant additives at pH 4.5

multiple comparisons test following a one-way ANOVA in GraphPad Prism. * < 0.05, ** < 0.005,

pH 9.5 affecting both H99 and Aaox17 cell growth. Significance was calculated using Dunnett’s
** < 0.0005, **** <0.0001, where P

affecting both H99 and Aaox1 cell growth. (E) Summaries of statistically significant additives at
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4.2.7 C. neoformans is sensitive to osmotic stress

After investigation of supplement additives on C. neoformans strain growth in minimal media, we
wanted to assess whether loss of Aox would confer more sensitivity to osmotic stress. Wildtype H99
and Aaox1 cultures were inoculated into PM9 plates from the BIOLOG system and the calculated
AUC values were compared to a negative control (Fig. 4.8). Interestingly, our data shows that H99
appeared to be sensitive to osmolyte addition, with all additives apart from Sodium Sulfate (211mM),
Sodium Formate (147mM), Sodium Lactate (178mM), Sodium Phosphate (pH 7, 50mM),
Ammonium Sulfate (pH 8, up to 50mM) and Sodium Nitrate (80mM and 100mM, respectively)
showing significantly lower AUC values (Fig. 4.8a). The full summary of osmolytes that significantly
affected H99 cell growth can be found in Fig. 4.8c. However, for Aaox1, some additional additives
significantly inhibited growth such as NaCl (1026mM — NaCl 1710mM), NaCl 1026mM + L-Carnitine,
NaCl 1026mM + Trimethylamine-N-oxide, NaCl 1026mM + Trigonelline, Urea 1169mM, Sodium
Lactate (979mM and 1068mM), Sodium Benzoate pH 5.2 (20mM — 200mM), and Sodium Nitrite
(20mM-100mM), although interestingly Ethylene glycol (805mM and 1610mM) and Sodium
Phosphate (pH 7, 20mM) additives showed an increase in growth for Aaox1 (Fig. 4.8b). The
summary of osmolyte additives that significantly impacted Aaox7 cell growth can be found in Fig.
4.8d. Overall summary tables for statistically significant results from the entire BIOLOG screen can

be found in Appendix Table 7.1.

Interestingly, both wildtype and Aaox? mutant cell growth was greatly inhibited by various
concentrations of sodium nitrite (Fig. 4.8e). Given that sodium nitrite is known to inhibit fungal
respiration and induce ROS generation, this was of interest for this thesis, and we decided to

investigate this further.
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Figure 4.8: C. neoformans osmotic stress adaption.

Biological triplicates of WT (H99) and Aaox? were grown in the presence of different osmolyte
stresses (Additive) using the BIOLOG system and the area under the curve was recorded (AUC).
(A) PM9 /H99, (B) PM9 / Aaox1. (C) Summary of PM9 additives that significantly affected growth
of HI99 cells. (D) Summary of PM9 additives that significantly affected growth of Aaox7 cells. (E)
summary graphs highlighting the significance of sodium nitrite on growth of both H99 and Aaox1
cells. Significance was calculated using Dunnett’s multiple comparisons test following a one-way
ANOVA in GraphPad Prism. * < 0.05, ** < 0.005, *** < 0.0005, **** <0.0001, where P = 0.05.
Error bars represent £ SD. n =3
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4.2.8 Sodium nitrite inhibits the growth of C. neoformans

The BIOLOG screen highlighted different sensitivities of C. neoformans to additives, including
sodium nitrite (Fig. 4.8). We wanted to investigate sodium nitrite as it is a well-known antimicrobial
additive for food products®®, where it can increase oxidative damage of bacteria and fungi through
inhibition of respiration, leading to ROS generation. To confirm that the results seen in the BIOLOG
plates were reproducible outside of the pre-fabricated plate system, wildtype (H99) and aox7 null
mutant C. neoformans (Aaox1) cells were grown in minimal IFY-0 media in the presence of sodium
nitrite within a concentration range of 20mM — 100mM for 48 h at 37°C. We found that sodium nitrite
addition at all tested concentrations inhibited the growth of both H99 (Fig. 4.9a) and Aaox7 mutant

cells (Fig. 4.9b).
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Figure 4.9: Confirmation of the effect of sodium nitrite on C. neoformans growth.

Wildtype H99 (A) and Aaox1 mutant C. neoformans cells (B) were grown in YPD containing
sodium nitrite (NaNO2) in the concentration range 20mM-100mM for 48 h at 37°C. Graphs
were created in GraphPad Prism. Error bars represent + SD. n=9 137



4.2.9 Investigation of sodium nitrite on C. neoformans viability

We decided to investigate the effects of sodium nitrite on cell viability, as it significantly inhibited
growth of both H99 and Aaox17 in the BIOLOG screen (Fig. 4.8), which was reproducible under lab
conditions (Fig. 4.9). H99 and Aaox7 mutant cells were plated following a 2 h incubation in minimal
IFY-0 media containing sodium nitrite at 20mM, 40mM, 60mM, 80mM, or 100mM, and viable
colonies were counted. Interestingly, while all doses of sodium nitrite between 20mM — 100mM
significantly inhibited growth of both H99 (Fig. 4.9a) and Aaox1 (Fig. 4.9b), 20mM sodium nitrite
significantly increased viability of H99 (Fig. 4.10a) and 40mM sodium nitrite increased viability of
both H99 and Aaox17 (Fig. 4.10b). However, both the 80mM and 100mM concentrations significantly

reduced viability of both strains (Fig. 4.10).
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Figure 4.10: Viability assay of C. neoformans exposed to sodium nitrite treatment.

The viability of wildtype (H99) (A) and Aaox? null mutant (Aaox7) (B) C. neoformans after a 2 h
incubation with different concentrations of sodium nitrite as indicated, in comparison to an IFY-0
minimal media control. Significance was calculated using Dunnett's multiple comparisons test
following a one-way ANOVA in GraphPad Prism. *** < 0.0005, **** <0.0001, where P = 0.05. Error
bars represent+ SD. n=9 138



4.2.10 Sodium nitrite affects C. neoformans respiration

We wanted to investigate whether the loss of viability observed after addition of sodium nitrite at
80mM and 100mM was due to an effect on respiration. The respiratory profile of H99 and Aaox1
mutant C. neoformans using HRR. Respirometer chambers were inoculated with 1 x 108 cells after
24 h growth at 37°C and treated with either 80mM (Fig. 4.11a, 4.11b) or 100mM sodium nitrite (Fig.
4.11c, 4.11d) where indicated. Our data showed that addition of sodium nitrite at either concentration
led to a rapid increase in respiration. The effects of sodium nitrite on respiration were Aox
independent, as respiratory traces of Aaox7 treated with 80mM (Fig. 4.11b) and 100mM sodium

nitrite (Fig. 4.11d) mirrored that of the wildtype treatment.
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Figure 4.11: Respiratory profiles of C. neoformans exposed to sodium nitrite.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with sodium nitrite (NaNO2) where
indicated (A) H99 and 80mM sodium nitrite, (B) Aaox? and 80mM sodium nitrite, (C) H99 and
100mM sodium nitrite, (D) Aaox? and 100mM sodium nitrite. Measurements of Maximum (Max)
and Minimum (Min) respiration (O2 flow per cells) after drug exposure were taken and compared
to the routine level of respiration (Routine) for each strain as indicated. (E) 80mM sodium nitrite,
(F) 100mM sodium nitrite. Significance was calculated using Dunnett’s multiple comparisons test
following a one-way ANOVA in GraphPad Prism. * <0.05, ** <0.005, *** < 0.0005, **** <0.0001,
where P = 0.05. Error bars represent + SD. n=3

4.2.11 Sodium nitrite affects the melanisation ability of C. neoformans

After establishing that sodium nitrite induces an increase in respiration, we wanted to investigate
whether the addition of sodium nitrite affected the melanisation capacity of C. neoformans, as
mitochondrial function has been linked to this process?® 8. Both H99 and Aaox1 cells were treated
with sodium nitrite for 2 h at 37°C and then plated onto melanisation agar for a further incubation at
30°C (Fig. 4.12a) or 37°C (Fig. 4.12b) for 2 or 3 days, respectively. Mean grey values were measured
in Imaged and significance was recorded in GraphPad Prism after background correction and
compared to an IFY-O minimal media control. Interestingly, at 30°C, a significant increase in
melanisation was observed after sodium nitrite treatment at 40mM and 60mM for both strains (Fig.
4.12a). H99 also showed an increase in melanisation after sodium nitrite treatment at 20mM,
although Aaox17 treated with 20mM sodium nitrite showed a melanisation level similar to that of
untreated Aaox1 cells (Fig. 4.12a). At 37°C, while no significant effect was seen on melanisation of
either strain after treatment with 20mM sodium nitrite (Fig. 4.12b), 40mM and 60mM concentrations
led to a loss of melanisation which was Aox independent. Across all conditions, treatment at 80mM

and 100mM resulted in a loss of colony formation for both strains (Fig. 4.12).
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Figure 4.12: Melanisation of C. neoformans treated with sodium nitrite.

Wildtype (H99) and Aaox? mutant (Aaox71) C. neoformans were treated with sodium nitrite
(NaNO2) in the concentration range 20mM-100mM or an IFY-0 minimal media control for 2 h at
37°C. Treated cultures were then plated onto melanisation plates containing L-DOPA and
incubated at either 30°C (A) or 37°C (B). Mean grey values were measured in Imaged and
following background correction, significance was calculated using Dunnett's multiple
comparisons test following a one-way ANOVA in GraphPad Prism. * <0.05, ** <0.005, *** <

0.0005, **** <0.0001, where P = 0.05. Error bars represent + SD.n =3
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4.3 Discussion

4.3.1 C. neoformans can make use of a variety of nutritional sources to support growth

Carbon sources

Our data suggests that C. neoformans was capable of using multiple carbon sources for growth,
including D-Mannose, Dulcitol and a-D-Glucose (Fig. 4.2). However, we observed some disparities
between the carbon sources that affected the growth of wildtype and Aaox?1 mutant C. neoformans.
For example, wildtype cells could use D- Trehalose, D-Fructose and Pectin to significantly increase
growth, but cells lacking Aox did not. However, Aaox1 could utilise both B-Hydroxy Butyric Acid and
Gelatin for growth. The ability of C. neoformans to utilise multiple carbon sources has been shown
as advantageous in murine pulmonary infection 339, of which trehalose biosynthesis has a key role
in thermotolerance and protein protection from stress (discussed below). Interestingly, while not
much is known about the role of pectin in fungi, mutations in the pectin-lyase like domain of C.
neoformans produces a mutant with a defect in capsule integrity 52. While Pectin function has mainly
been attributed to plant cell wall maintenance 33!, one could speculate that Pectin may play a role in

capsule and cell wall integrity, which wildtype cells are able to utilise for growth.

For the use of carbon sources in Aaox? mutant cell growth, precise signalling roles remain
ambiguous. For example, B-Hydroxy Butyric Acid is often found as a carbon source in bacteria such
as Ralstonia eutropha, but common soil dwelling fungi such as Aspergillus are able to degrade it
332 The mechanisms behind this degradation in C. neoformans are largely unknown. However, the
use of Gelatin has been linked to proteinase activity in C. neoformans, where it can degrade several
host proteins via proteolytic activity 333. One could speculate that loss of Aox in C. neoformans may
upregulate scavenging pathways and extracellular proteinase secretion for carbon source
acquisition. This would perhaps indicate that Aox is not able to synthesise carbon source

intermediates as effectively as the wildtype and thus relies on scavenging to support growth.
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Nitrogen sources

Interestingly, while the presence of some nitrogen sources yielded no significant change in growth
(Fig. 4.3), providing multiple di- and tripeptides as a nitrogen source significantly increased the
growth of C. neoformans cells, which seemed independent of Aox (Fig. 4.4). Uptake of dipeptides,
through amino acid permeases, and processes like Nitrogen Catabolite Repression (NCR), the
Target of Rapamycin (TOR) and SPS-sensing is thought to contribute to C. neoformans growth at
elevated temperatures and virulence3** 3%, although the regulatory mechanisms behind amino acid
uptake and metabolism remain unclear. Interestingly, several studies have highlighted cyclic
dipeptides show antimicrobial action against pathogenic fungi, presenting a new potential antifungal
strategy®¢34°, |t could be postulated that the enhanced uptake of di- and tripeptides by C.
neoformans, which our data showed to be independent of Aox, may provide a role for these peptides

in antifungal uptake and transport.

Phosphate sources

While phosphorus and sulphur source availability did not greatly impact wildtype growth, multiple
significant hits were observed for Aaox?1 growth (Fig. 4.5b). Phosphate acquisition has been
attributed to preservation of membrane integrity, lipid remodelling and maintenance of a small
‘seeding’ morphotype that enhances cryptococcal dissemination in the host® 34'. One other key role
of phosphate sources, such as D-Glucose-6-Phosphate, is for trehalose biosynthesis, an integral
component in membrane and protein protection from host-induced stresses3#?348, For example,
trehalose-6-phosphate synthase (TPS1) and trehalose-6-phosphate phosphatase (TPS2) have
been implicated in growth and survival at high temperatures, which is indispensable for C.
neoformans dissemination within the host 349, One notable observation is that wildtype C.
neoformans could utilise trehalose itself for increased growth (Fig. 4.2a) but little significance was
shown for growth in the presence of phosphorus and sulphur sources (Fig. 4.5a). However, while
Aaox1 could utilise multiple phosphate sources for increased growth (Fig. 4.5b) there was no

significant growth changes in the presence of trehalose (Fig. 4.2b). This data suggests that Aox may
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have a role in mitochondrial membrane maintenance and thermotolerance under stress, and so one

could speculate loss of this enzyme induces increased uptake of phosphate sources for growth.

4.3.2 C. neoformans growth is sensitive to pH and osmolarity

Our data suggests that the metabolic responses of C. neoformans are varied, with strong hits for
peptide utilisation and clear sensitivities to both pH and osmolyte addition. We were able to confirm
an optimum range for C. neoformans growth of pH 5-7 (Fig. 4.7), which has also been implicated in
other studies®". It is interesting to note that wildtype growth at pH 4.5 was significantly increased
through the addition of multiple amino acids (Fig. 4.7a, 4.7d). This ability to grow in an acidic pH
range, including the use of amino acid additives to aid growth in acidic conditions, supports studies
which suggest that C. neoformans replication within the macrophages of the host is dependent on
acidification of the phagolysosome lumen and modulation of acidity through chemical modulation?”
31,352 One notable exception to the utilisation of amino acids during acidic growth is a-Amino
Malonate, which completely inhibited the growth of both H99 (Fig. 4.7a) and Aaox71 mutant cells

(Fig. 4.7b).

4.3.3 C. neoformans is sensitive to sodium nitrite

The BIOLOG microarray allowed us to investigate C. neoformans sensitivity to osmotic stress (Fig.
4.8). These screens allowed us to isolate a particular osmolyte of interest, sodium nitrite, which is
already in circulation as an antimicrobial for the food preservation industry3%33%. Our data show that
addition of sodium nitrite leads to an inhibition of growth (Fig. 4.9), and loss of viability at 80mM (Fig.
4.10), which is Aox independent. While further work to establish a Minimum Inhibitory Concentration
(MIC) and mechanism of cell death is required, we have shown that sodium nitrite at fungicidal
concentrations affected mitochondrial membranes and induced a strong uncoupling effect (Fig.
4.11). Alternatively, the increase in oxygen consumption observed upon sodium nitrite addition could

be a result of increasing activity of other enzymes, for example Catalase, which rapidly decomposes
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superoxide species to oxygen for relief of oxidative stress **, although further respirometry analysis
is required to substantiate this. Interestingly, sodium nitrite has been proven to enhance healthy
vascular ageing and endothelial function in patients through decreasing mitochondria — derived ROS
and restoration of NO homeostasis®” 3%, |t has also been implemented as a KCN antidote due to
its oxidising ability, which inhibits oxidative phosphorylation in P. aeruginosa®»* 3%°. Our data showing
sensitivity of C. neoformans to sodium nitrite could indicate therefore that C. neoformans is sensitive
to mitochondrial inhibition, disruption of oxidative species production and homeostasis and could

indicate that these processes are reliant on mitochondrial membrane integrity.

Studies have also implicated sodium nitrite in ROS control, whereby it can induce a flux of high ROS
which is disruptive to membrane integrity and oxidative stress redox responses 3¢'. Our studies
suggest that while sodium nitrite increased respiratory activity (Fig. 4.11), lower levels of sodium
nitrite increased cellular viability (Fig. 4.10). This indicates that a redox imbalance generated by
sodium nitrite at low levels may allow generated ROS to act a signalling component for increased
cell fitness, but high levels of rapidly generated ROS induces cell death. This is of interest as
activated macrophages elevate levels of ROS and NO stresses, including nitrites, for killing of fungal
pathogens via oxidative bursts %2363, One could speculate that rapid generation of ROS via sodium
nitrite may mimic the oxidative bursts of macrophages that interact with C. neoformans in the host

environment, leading to cell death.

4.3.4 Sodium nitrite reduces C. neoformans melanisation

Melanisation of C. neoformans is a tightly regulated response to host-induced stress, relying on both
the PKA-cAMP pathway and the HOG pathway?®¢¢. The loss of melanisation seen at 37°C after
sodium nitrite treatment (Fig. 4.12) indicates that sodium nitrite may affect the HOG pathway through
alteration of osmolarity levels, which may partially develop from membrane disruption seen in Fig.
4.11. Melanin regulation may also include signalling mechanisms involving mitochondria® ®, and
mutated NADH dehydrogenase has been shown to increase melanisation and virulence in the
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murine model 72, It is tempting to speculate that disruption to mitochondrial function, including ROS
and NO homeostasis, may affect melanin production and accumulation through disruption of stress
signalling components and cell membrane remodelling pathways that allow for melanin coats to
form. However, further investigations into both sodium nitrite roles in redox disruption and melanin

signalling in C. neoformans are required.
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5.1 Introduction

The roles of mitochondria in cryptococcal pathogenesis have been implicated in multiple studies*
%5 Many of the ETC components are well-conserved among both fungi and humans, which poses
a problem for finding new anti-fungal targets. Fungal specific enzymes such as Aox provide an
alternative respiratory pathway that are not coupled to ATP generation but may play a role in
metabolic adaptability under stress'?® 140. 205. 366 = Ag Aox has been shown to be required for
pathogenesis in C. neoformans, and is not found in mammalian mitochondria, it provides a
therapeutic target. Unfortunately, there are no current Aox inhibitors with high specificity, and those
currently available exhibit off target effects, so are not considered as compounds with therapeutic
potential. In this work we sought to develop new Aox inhibitors with improved specificity and more

therapeutic prospects.

Previous work has demonstrated that the natural product Colletochlorin B is an effective inhibitor of
the Aox from plant®’, fungal*®® and protozoan species®®, with a typical ICso in the 6-20 nm range in
vitro. However, in vitro findings could not be replicated in vivo, indicating a need to improve the in
vivo efficacy. The Triphenyl phosphonium cation (TPP+) has been shown to increase mitochondrial
targeting of compounds®°372 increasing the mitochondrial accumulation up to 1000-fold by utilising
the electrochemical difference across the inner mitochondrial membrane?®’®. Here we describe the

development and testing of TPP+ targeted derivatives of Colletochlorin B against C. neoformans.

We investigated the efficacy of the TPP+ targeted Colletochlorin B derivatives, termed ALTOX
compounds, against C. neoformans by assessing drug effects on growth, respiration, and viability.
This was coupled with drug toxicity assays measuring the effect of ALTOX drugs in the Galleria
mellonella model and haemolysis assays. This project was conducted in collaboration with the
laboratory of Professor Anthony Moore (University of Sussex) who specialise in the development of

Aox inhibitors.
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5.2 Results

5.2.1 Inhibitor synthesis and rationale (conducted by Luke Young, University of Sussex)

Following on from our previous work conducted in the Moore laboratory where it was determined
that the natural product Colletochlorin B was a potent inhibitor of C. albicans Aox?'?, we set out to
improve the mitochondrial targeting of the compound. To this end, the isoprene tail was replaced by
an alkyl chain of variable length (12-Carbon for ALTOX094 and 8-Carbon ALTOX102) capped with
the TPP+ moiety. The Chlorine found at R1 of Colletochlorin B and Colletochlorin D (Table 5.1) was
replaced with Bromine to yield ISSF31 and ISSF33, respectively. This change was made to allow
for assessment of the potential design space around the head group, as successful inhibition with

the larger halide would allow for further manipulation around this side of the molecule.
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Table 5.1: Structures for natural products Colletochlorin B and D, and the analogues

synthesised for this study

Compound R1 R2

Colletochlorin B Cl /\)\/\)\

Colletochlorin D Cl /\)\
ISSF31 Br /\)\/\)\
ISSF33 Br /\)\

ALTOX094 Br Q
T
O
ja
O

ALTOX102 Br

NN

5.2.2 Recombinant Aox and cytochrome bc1 complex inhibition screening (conducted by
Luke Young, University of Sussex)

The newly synthesized compounds were assessed for inhibitory activity against membrane bound
recombinant Aox (rAox) expressed in E. coli utilising the same methodology as described
previously®4. The half-maximal inhibitory concentration (ICs0) was calculated, which indicates how

much of each drug was required to inhibit enzyme activity by 50%, and the negative log value of the
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ICs0 (pICs0) was also given for comparison of drug potency. Substitution of the chlorine for bromine
(Colletochlorin B to ISSF31) did not lead to a significant reduction in potency (Fig. 5.1), reducing
the plCso from 8.2 £ 0.1 to 7.7 £ 0.2. Addition of the alkyl TPP*, however, led to a significant reduction
in inhibition, with both ALTOX094 and ALTOX102 being reduced to 4.8 £ 0.1 and 4.9 £ 0.1,

respectively.

Mitochondrial samples were extracted from rat liver to assess the impact of the compounds on the
complex Il through complex IV pathway. As can be seen in Fig. 5.1, none of the compounds
demonstrated a significant inhibitory increase over that of Colletochlorin B (pICso = 6.0 £ 0.05),
with the shorter chain compounds Colletochlorin D and ISSF33 showing a marked decrease to 4.3
+ 0.2 and 4.4 £ 0.1, respectively. The LogP values, which indicates how lipophilic each compound
is in relation to Absorption, Distribution, Metabolism and Excretion (ADME) can be found for each

compound in Appendix Table 7.3.

Although the given plC50 values for ALTOX094 and ALTOX102 were lower than that of
Colletochlorin B, the values for both Aox2 and cytochrome bcs inhibition were relatively equal,
whereas other compounds tested showed a larger disparity in inhibitory ability of both targets. This
indicated that ALTOX094 and ALTOX102 showed potential as dual inhibitors of both Aox2 and

cytochrome bcy.
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Table 5.2: pICso value table
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Compound

C. albicans Aox2

Cytochrome bc1

Colletochlorin B
Colletochlorin D
ISSF31

ISSF33
ALTOX094
ALTOX102

8.2+0.1
7.8 £0.02
7.7+0.1
7.7+0.1
48+01
49+01

5.9+0.05

4.3+0.02
6.0+0.2
44+0.2
5.1+0.1
54+0.2

Table 5.3: ICs0 value table

Compound

C. albicans Aox2

Cytochrome bc1

Colletochlorin B
Colletochlorin D
ISSF31

ISSF33
ALTOX094
ALTOX102

73nMz 2.4
15.9nM £ 1.4
21.1nM £ 8.0
19.6 "M £ 7.1
15.0 M + 1
1.1 pM £ 1

11 pM £ 0.1
458 uM £ 2.2
12 UM £ 0.6
47TApM £1.7
9.1 uM £ 1.2
5.8 UM + 1.4

Figure 5.1: plCso values for synthesised compounds against C. albicans.

plCso values (Table 5.2) from inhibitor dose response curves against (A) C. albicans Aox2
and (B) cytochrome bc1 complex, where the plCso value is the calculated negative log of
the 1Cso0 value in molar. The ICso values for each drug can be found in Table 5.3. All results
plotted in triplicate £ SEM in GraphPad Prism. n = 3.



The second string of our synthetic strategy was to improve the drug-like properties of the
compounds. The highly substituted pharmacophore had several problematic metabolic hotspots,
with 2 phenols and an aldehyde. The ‘greasy’ isoprenoid tail of Colletochlorin B also gave
undesirable log P values (cLogP = 7.3), and while Colletochlorin D had a more favourable LogP
(cLogP = 5.25) it lacked inhibitory efficacy against mitochondrial samples (Fig. 5.1). In order to
reduce these problematic areas, we synthesised a series of benzofuranones based off the ISSF31

structure (Table. 5.4), reducing both the chain length and removing one of the phenolic groups.
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Table 5.4: Modified Benzofuranone structures used for this study

Compound Structure
ISSF338-A o)
=
HaC o
Br CHg
OH H3C
ISSF338-B o] OH
HaC o CHs
Br HC
ISSF342 o)
=
HaC o
Br
oH M€
CHg

5.2.3 Identification of novel fungistatic compounds that effect C. neoformans growth

Our data suggested that the C. neoformans Aox1 sequence was not closely related to that of other
human fungal pathogens such as C. albicans (Fig. 3.1). The data gathered by the Moore laboratory
showed potential of ALTOX094 and ALTOX102 for dual inhibitor activity against C. albicans
recombinant Aox2 and cytochrome bcs. We wanted to assess whether ALTOX094 and ALTOX102
would also have a higher inhibitory activity against C. neoformans Aox1 and cytochrome bc in vivo,

in comparison to the modified benzofuranones in Table 5.4.

Wildtype (H99) and aox1 null mutant C. neoformans (Aaox1) cells were grown in YPD containing
ALTOX compounds (ALTOX094, ALTOX102, ISSF338 A, ISSF338 B, ISSF342) within a
concentration range of 50uM - 200uM for 48 h at 37°C. Compounds ALTOX094 and ALTOX102
showed clear inhibition of both wildtype (Fig. 5.2a) and Aaox7 mutant growth (Fig. 5.2b). However,
ISSF338 A (Fig. 5.2c, 5.2d), ISSF338 B (Fig. 5.2e, 5.2f) and ISSF342 (Fig. 5.2g, 5.2h) had a more

limited effect on the growth of both wildtype and Aaox? mutant cells.
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Figure 5.2: Screening of ALTOX compounds and their effect on C. neoformans growth.

Wildtype (H99) and Aaox1 null mutant (Aaox7) C. neoformans were grown in YPD containing
ALTOX094 (A), ALTOX102 (B), ISSF338 A (C), ISSF338 B (D) and ISSF342 (E) for 48 h at 37°C.
Graphs were plotted in GraphPad Prism. Error bars represent £ SD. n=9
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5.2.4 ALTOX094 and ALTOX102 show fungistatic activity even at low concentrations

Following the initial screening indicating ALTOX094 and ALTOX102 were effective against C.

neoformans growth at broad-range concentrations (Fig. 5.2a, 5.2b), we sought to identify the

Minimum Inhibitory Concentration (MIC90) and Non- Inhibitory Concentration (NIC) of ALTOX094

and ALTOX102 against C. neoformans. The NIC value shows the lowest drug concentration required

to slow growth. The MIC90 value shows the drug concentration required to inhibit the growth by

90%. The NIC values for ALTOX094 were 6.181uM and 7.5uM for cultures of H99 and Aaox1,

respectively (Fig. 5.3a) while the NIC values for ALTOX102 were 3.207uM for H99 and 5.896uM for

Aaox1 (Fig 5.3b). The MIC90 values for ALTOX094 were 14.52uM for H99 and 14.12uM for Aaox1

(Fig. 5.3a) and so were rounded to 15 uM, while for ALTOX102 the MIC90 values were 6.587uM for

H99 and 10.94uM for Aaox1 mutant cultures (Fig. 5.3b), and so these values were rounded to 7uM

and 11uM, respectively. For all further experiments, the active MIC90 concentration of ALTOX094

used was 15uM and the concentration of ALTOX102 used was 7uM and 11uM, respectively.
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Figure 5.3: Minimum Inhibitory Concentration (MIC90) values of ALTOX094 and
ALTOX102.

The Non-Inhibitory Concentration (NIC) and Minimum Inhibitory Concentration (MIC90) values of
wildtype (H99) and Aaox7 null mutant (Aaox7) C. neoformans treated with ALTOX094 (A) and
ALTOX102 (B) calculated using the Gompertz equation for NIC/MIC90 determination in
GraphPad Prism. The MIC90 of ALTOX094 is 14.54uM for H99 and 14.12uM for Aaox1, while
the MIC90 of ALTOX102 is 6.587uM and 10.94uM for H99 and Aaox1, respectively. MIC90 values
were rounded to 15uM for ALTOX094 and 7uM and 11uM for ALTOX102. Error bars represent +
SD.n=9

5.2.5 ALTOX drugs exhibit fungicidal activity

To assess whether the disruption to growth observed in Fig. 5.2 and Figure 5.3 was due to a
reduction in viability, H99 and Aaox7 mutant cells were plated following a 2 h incubation in YPD
containing ALTOX094 or ALTOX102 at the calculated MIC for each compound. Interestingly, addition
of ALTOX094 at the MIC90 showed a strong effect on viability for both wildtype and Aaox?1 mutant
cells (Fig. 5.5a). Addition of ALTOX102 at the MIC90 of 11uM also led to a decrease in viability for

both strains (Fig. 5.5b). However, while the viability of Aaox7 mutant C. neoformans was affected
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by both calculated MIC90 values for ALTOX102, there was no significant fungicidal effect on wild-
type HO9 at the fungistatic MIC90 of 7uM (Fig. 5.5b). While the data for ALTOX094 showed a strong
fungicidal activity at the given MIC90, the data for ALTOX102 exhibited dose-dependent fungicidal

activity, with lower dose providing a fungistatic effect.
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Figure 5.4: Viability assay of C. neoformans exposed to ALTOX094 and ALTOX102
treatment.

The viability of wildtype (H99) and Aaox? null mutant (Aaox?) C. neoformans after a 2 h
incubation in YPD containing ALTOX094 (A) and ALTOX102 (B) in comparison to a DMSO
control. Significance was calculated using Dunnett’s multiple comparisons test following a one-

way ANOVA in GraphPad Prism. *** < 0.0005, **** <0.0001, where P = 0.05. Error bars
represent+ SD.n=9

5.2.6 ALTOX094 treatment induces necrosis

As ALTOX094 and ALTOX102 exposure led to a dramatic loss of viability we sought to assess the
mechanism of cell death. C. neoformans were treated with ALTOX094 at the given MIC90 value and
following a 2 h incubation at 37°C, the cultures were assessed for Propidium lodide (Pl) uptake, a
marker of necrosis. Interestingly, treatment with ALTOX094 induced necrosis in 99% of H99 (Fig.
5.5a) and 98% of Aaox1 mutant C. neoformans cells (Fig. 5.5b). In contrast, treatment with 7uM
ALTOX102 resulted in minimal necrosis, with only 2% of wildtype (Fig. 5.5¢c) and 3% of Aaox17 (Fig.
5.5d) showing Pl uptake. This figure did not increase with treatment at 11uM ALTOX102.

Interestingly, while average necrosis levels after ALTOX102 treatment were far lower than
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ALTOX094, ALTOX102 did significantly induce necrosis in Aaox1 populations at both MIC90s (Fig.

5.5d).
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Figure 5.5: Flow cytometry assay of C. neoformans exposed to ALTOX094 and ALTOX102
treatment.

C. neoformans strains were stained with Pl and analysed via Flow Cytometry after a 2 h
incubation with ALTOX094 or ALTOX102 at the given MIC90. Percentage necrosis was measured
via fluorescence in V1-R for H99 (A) and Aaox7 (B) including a representative histogram of the
population percentage found in V1-R after ALTOX094 treatment. Percentage necrosis of strains
treated with ALTOX094 and ALTOX102 in comparison to a DMSO control were calculated. (C)
H99, (D) Aaox1 Significance was calculated using Dunnett’s multiple comparisons test following
a one-way ANOVA in GraphPad Prism. ** <0.005, *** <0.0005, **** <0.0001, where P = 0.05.
Error bars represent £ SD. n=9

5.2.7 ALTOX102 treatment does not induce ROS production

After establishing that ALTOX102 treatment did not induce high levels of necrosis, we wanted to
establish whether C. neoformans strains treated with ALTOX102 at the given MIC90 values induced
ROS production, a common occurrence when respiratory inhibition is applied to cells. Following a 2
h incubation at 37°C, wildtype and Aaox1 cultures were stained with 2',7'-Dichlorodihydrofluorescein
diacetate (H2DCF-DA) and analysed using Flow Cytometry. However, after treatment with 7uM
ALTOX102, 86% of wildtype (Fig. 5.6a) and 96% of Aaox7 (Fig. 5.6b) showed low levels of ROS,
while addition of 11uM ALTOX102 maintained low ROS in 97% of H99 (Fig. 5.6¢) and 97% of Aaox1
populations (Fig. 5.6d). These data suggest that the reduction in viability associated with ALTOX102

exposure at 11uM is not accompanied by ROS accumulation as assessed by H2DCF-DA.
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Figure 5.6: Flow cytometry assay of C. neoformans exposed to ALTOX102 treatment.

C. neoformans strains were stained with H2DCF-DA and analysed via Flow Cytometry aftera 2 h
incubation with ALTOX102 at the given MIC90. Percentage necrosis was measured via
fluorescence in V1-R. Panels: (A) H99 + 7uM ALTOX102, (B) Aaox1 + 7uM ALTOX102, (C) H99
+ 11uM ALTOX102, (D) Aaox1 + 11uM ALTOX102 including a representative histogram of the
population percentage found in V1-L after ALTOX102 treatment. Percentage population of strains
with low ROS and high ROS after ALTOX102 treatment were calculated. Significance was
calculated using Dunnett’'s multiple comparisons test following a one-way ANOVA in GraphPad
Prism. ** <0.005, *** <0.0005, **** <0.0001, where P = 0.05. Error bars represent £ SD.n=9

5.2.8 ALTOX treatment affects cellular respiration

Following the initial assessment of ALTOX drugs on growth and viability, we investigated the
respiratory profile of H99 and Aaox7 mutant C. neoformans using HRR. Respirometer chambers
were inoculated with 1 x 108 cells after 24 h growth at 37°C and treated with either ALTOX094 or
ALTOX102 where indicated to a final concentration of the MIC90 for both drugs. Addition of
ALTOX094 had a biphasic effect whereby addition of ALTOX094 at 7.5 yM induced an increase in
respiration, but addition of the full MIC90 led to a significant loss of respiration in both H99 (Fig.
5.7a) and Aaox1 (Fig. 5.7b). Addition of ALTOX102, however, led to an increase in respiration in
both H99 (Fig. 5.7c) and a significant increase in Aaox1 (Fig. 5.7d) cells. Measurements of maximum
and minimum respiration after exposure to ALTOX094 (Fig. 5.7e) and ALTOX102 (Fig. 5.7f) were

taken and compared to the routine level of respiration for each strain.
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Figure 5.7: Respiratory profiles of C. neoformans exposed to ALTOX drugs.
Representative example of respiration in H99 and Aaox7 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with either ALTOX094 or ALTOX102
where indicated to a final concentration of the MIC90 for both drugs. (A) H99 and ALTOX094, (B)
Aaox1 and ALTOX094, (C) H99 and ALTOX102, (D) Aaox1 and ALTOX102. Measurements of
Maximum (Max) and Minimum (Min) respiration (O2 flow per cells) after drug exposure were
taken and compared to the routine level of respiration (Routine) for each strain as indicated. (E)
ALTOX094, (F) ALTOX102. Significance was calculated using Dunnett’s multiple comparisons
test following a one-way ANOVA in GraphPad Prism. Error bars represent + SD. * <0.05, **
<0.005, **** <0.0001, where P =0.05.n =3

5.2.9 Effects of ALTOX drug application on C. neoformans virulence

To investigate whether the presence of ALTOX094 and ALTOX102 reduced C. neoformans virulence
in an animal we made use of the Galleria mellonella infection model. TruLarv™ G. mellonella larvae
were inoculated with 1 x 106 CFU of wildtype (H99') and Aaox? mutant cultures (Aaox7-") in the
lower left proleg, followed by injection with 15uM ALTOX094, 11uM ALTOX102 or a DMSO control
where indicated in the lower right proleg. Larvae were then incubated at 37°C and scored for survival
(Fig. 5.8) and melanisation (Fig. 5.9) every 24 h for 5 days. Interestingly, the addition of ALTOX094
showed no significant effect in vivo for either H99 (Fig. 5.8a) or Aaox7-" (Fig. 5.8b) either alone or
following injection with H99 or Aaox1 cells. However, pre-treatment of cells with ALTOX094 (H99 /
Aaox1 treated) via incubation for 2 h at 37°C before injection significantly decreased larval mortality
(Fig. 5.8a, 5.8b). Interestingly, pre-treatment of cells with ALTOX102 did not show the same effect,
with no significant effect on larval survival (Fig. 5.8c, 5.8d). The addition of ALTOX102 alone
significantly increased mortality by day 5 (Fig. 5.8c, 5.8d) and showed an increased toxicity to
Galleria larvae following injection with Aaox1 (Fig. 5.8d). In contrast to a previous report?® we did
not observe a significant difference between H99 and Aaox17 virulence in the G. mellonella infection

model at the infection titres used (Appendix 7.3).
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Figure 5.8: Mortality of Galleria mellonella exposed to ALTOX drugs.

TruLarv™ G. mellonella larvae were infected with 1 x 10 CFU C. neoformans and were
inoculated with either ALTOX094 (n = 30) or ALTOX102 (n = 10) at the MIC90 and incubated at
37°C for 5 days. Larvae were injected through the lower left proleg with either (A) HO99/ALTOX094,
(B) Aaox1/ALTOX094, (C) H99/ALTOX102, or (D) Aaox1/ALTOX102. Kaplan-Meyer curves were
plotted, and significance was calculated using a Log-Rank (Mantel-Cox) test in GraphPad Prism.
* <0.05, **<0.005, *** <0.0010, **** < 0.0001 where P = 0.05.

5.2.10 ALTOX102 induces melanisation in Galleria mellonella larvae

To determine whether G. mellonella showed an increased immune response in response to
ALTOX102 exposure melanisation was scored in conjunction with survival analyses every 24 h. The
Prophenoloxidase (PPO) cascade system in G. mellonella induces the production of melanin as part
of the immune response®”® and can be quantified using a standardised scoring system?’> 276 to
assess larval melanisation from 0 (complete, systemic melanisation) to 4 (no melanisation).
Interestingly, addition of ALTOX094 at the MIC90 had no significant impact on melanisation of larvae
infected with H99 (Fig. 5.9a) although larvae infected with Aaox? both with and without ALTOX094
inoculation showed significant melanisation on day 5 (Fig. 5.9b) in comparison to a DMSO control.

However, by day 5 data for ALTOX102 showed increased melanisation after inoculation with
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ALTOX102 alone, as well as larvae inoculated with ALTOX102 after infection with H99, and H99
pre-treated with ALTOX102 for 2 h prior to infection (Fig. 5.9c). Addition of ALTOX102 after infection
with Aaox7 showed significant larval melanisation after day 1, which increased until day 5, where

strong melanisation of Aaox1 pre-treated larvae were also observed (Fig. 5.9d).
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Figure 5.9: Melanisation of Galleria mellonella exposed to ALTOX drugs.

TruLarv™ G. mellonella larvae were infected with 1 x 106 CFU C. neoformans and were
inoculated with either ALTOX094 (n = 30) or ALTOX102 (n = 10) at the MIC90 and incubated at
37°C for 5 days. Larvae were injected through the lower left proleg with either (A) H99/ALTOX094,
(B) Aaox1/ALTOX094, (C) H99/ALTOX102, or (D) Aaox1/ALTOX102 and melanisation was
recorded via standardised scoring from 0 (complete melanisation) to 4 (no melanisation).
Significance was calculated using Dunnett's multiple comparisons test following a two-way
ANOVA in GraphPad Prism. * <0.05, **<0.005, *** <0.0005, **** < 0.0001 where P = 0.05.

5.2.11 ALTOX drugs do not lead to haemolysis

Although the application of ALTOX094 or ALTOX102 at MIC90 concentrations did not lead to
significant effects on G. mellonella mortality, indicating fungal specific effects on viability, we wished
to conduct an additional early-stage cytotoxicity assessment. A haemolysis assay was carried out

whereby ALTOX drugs at the given MIC90 were spotted onto agar plates containing 5% sheep’s
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blood. Plates were incubated at 37°C and a zone of haemolysis (ZOH) was measured at 2 h and 24

h, whereby alpha-haemolysis (red blood cell damage) was signified by a green-tinge and beta-

haemolysis (complete lysis) was signified by a clear area®®. Interestingly, neither ALTOX094 nor

ALTOX102 showed any significant zones of haemolysis or clearing in comparison to the SDS

positive control (Fig. 5.10a). No significant haemolytic activity was seen from either ALTOX094 or

ALTOX102, even when the concentrations ranged at x2, x5 and x10 of the highest MIC90 of each

drug (Fig. 5.10b, 5.10c).
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Figure 5.10: Haemolytic effect of ALTOX drugs.

(A) ALTOX094 and ALTOX102 were administered to filter paper disks on agar plates containing
5% sheep blood at the MIC90 and incubated at 37°C. The zone of haemolysis (ZOH) was
measured after 2 h exposure and 24 h exposure. (B) ALTOX094 and (C) ALTOX102 was
administered at concentrations x2, x5 and x10 the MIC90. The zone of haemolysis (ZOH) was
measured after 2 h exposure and 24 h exposure. Significance was calculated using Dunnett’s
multiple comparisons test following a one-way ANOVA in GraphPad Prism. **** < 0.0001 where
P = 0.05. Error bars represent £ SD. n =3

5.2.12 Determining the active moiety of ALTOX094 and ALTOX102

ALTOX094 and ALTOX102 were designed to target both the mitochondrial b¢cs and Aox enzymes.
However, our data suggested that although both could lead to a loss of viability, they exhibited
different modes of action. To investigate the active moiety to determine the mechanism of action,
controls for both chain length and bromination effect were tested. Controls relating to ALTOX094
(Decyl TPP*, Dodecyl TPP*, TPPC3) and ALTOX102 (Octyl TPP*, ALTOX203) as well as
compounds comprising the base molecule for both drugs (TPP+, ISSF31) were compared against
the activity of the MALC compound Trimethyloctadecylammonium bromide (STAB) at two different

chain lengths (STAB, 10 Carbon (10C) STAB).
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5.2.13 Fungistatic action of ALTOX drugs is not reliant on a complete molecule

Wildtype (H99) and Aaox? mutant cells were suspended in YPD containing control compounds at
the MIC90 relative to either ALTOX094 or ALTOX102 and grown for 48 h at 37°C. TPP*and ISSF31
(Fig. 5.11c) had no effect on H99 or Aaox7 mutant growth. Interestingly, while reference compounds
Octyl TPP* and ALTOX203 had no effect on wildtype cell growth (Fig. 5.11b) a variable phenotype
could be seen for Aaox1 cells at the 11uM concentration of ALTOX203 (Fig. 5.11b), whereby the
effect of ALTOX203 on Aaox? populations either inhibited growth (sensitive) or had no apparent
effect (non-sensitive). Reference compounds for ALTOX094, Decyl TPP* and TPPC3, had
fungistatic activity against H99 and Aaox7 (Fig. 5.11a), while Dodecyl TPP+ had no significant

effects on C. neoformans growth.
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Figure 5.11: Screening of ALTOX reference compounds and their effect on C.
neoformans growth.

Growth rates of Wildtype (H99) and Aaox7 null mutant (Aaox7) C. neoformans exposed to
ALTOX reference compounds Decyl TPP+, Dodecyl TPP+, TPPC3 (A), Octyl TPP+ and
ALTOX203 (B), TPP+ and ISSF331 (C) and reference compounds 10C STAB and STAB (D).

Cultures were grown in YPD containing each compound at the MIC90 for 48 h at 37°C. Error
bars represent £ SD. n=9

To assess whether the lack of growth after Decyl TPP+, TPPC3 and STAB addition at 15 uyM, and
ALTOX203 addition at 11 uM seen in Fig. 10 was based on fungicidal activity, H99 and Aaox7 mutant
cultures were plated following a 2 h incubation in YPD containing each reference compound at the
MIC values of ALTOX094 and ALTOX102. After 48 h, Decyl TPP*, Dodecyl TPP* and TPPC3
significantly reduced viability of both H99 and Aaox17 cells (Fig. 5.12a), mirroring the viability data
following STAB inoculation (Fig. 5.12d). Reference compounds for ALTOX102, however, did not
significantly reduce viability of C. neoformans (Fig. 5.12b). In fact, addition of both Octyl TPP+ and
ALTOX203 at the MIC90 of 7uM exhibited increased cell viability of Aaox7. Interestingly, this
increase in cell viability was also seen upon addition of ISSF31 to wildtype (H99) cells, and after
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addition of 10C STAB to Aaox1 cells (Fig. 5.12d), although addition of TPP+ at the MIC90 did exhibit
a reduction in viability for H99 (Fig. 5.12c). These data indicated that a reduction in viability seen by
ALTOX094 may be based on carbon chain length, rather than a proposed dual inhibition of both
Cytochrome bcs and Aox1, although data for ALTOX102 reference compounds indicated that a

different MOA may attribute to the loss of viability seen in Fig. 5.4b.
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Figure 5.12: Viability assay of C. neoformans exposed to ALTOX reference compounds.

The viability of wildtype (H99) and Aaox? null mutant (Aaox7) C. neoformans after a 2 h
incubation with Decyl TPP+, Dodecyl TPP+, TPPC3 (A), Octyl TPP+ and ALTOX203 (B), TPP+
and ISSF331 (C) and reference compounds 10C STAB and STAB (D). Significance was
calculated using Dunnett’s multiple comparisons test following a one-way ANOVA in GraphPad

Prism. * < 0.05, ** < 0.005, *** < 0.0005, **** <0.0001, where P = 0.05. Error bars represent +
SD.n=9
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5.2.14 Fungicidal activity of ALTOX094 reference compounds is based on a mixture of cell
death mechanisms

Following the observation of ALTOX reference compounds on C. neoformans viability, we wanted to
determine the mechanism of cell death induced by these compounds. H99 and Aaox1 cultures were
treated with the fungicidal reference compounds (Decyl TPP+, Dodecyl TPP+, TPPC3, STAB) at
15uM. Following a 2 h incubation at 37°C, the cultures were co-stained with H2DCF-DA and Pl and
analysed using Flow Cytometry. Interestingly, for both H99 (Fig. 5.13a) and Aaox1 (Fig. 5.13b), all
fungicidal compounds tested induced necrosis significantly in comparison to a DMSO control, with
Decyl TPP+ inducing necrosis in 65% of H99 and 78% of Aaox1, TPPC3 inducing necrosis in 96%
and 95% of H99 and Aaox1 respectively, and STAB inducing 99.7% necrosis in H99 and 99.6%

necrosis in Aaox1.

Dodecyl TPP+, however, induced significantly less necrosis than the other compounds, only
inducing necrotic activity in 18% of H99 and 9% of Aaox7. Interestingly, ROS levels between
compound treatments differed, with both H99 (Fig. 5.13c) and Aaox1 (Fig. 5.13d) treated with Decyl
TPP+ showing varied ROS levels in the population, although induced ROS in Aaox?1 was
significantly lower (Fig. 5.13d). Dodecyl TPP+ treatment showed significantly high ROS levels for
Aaox1 (Fig. 5.13f) although a mixed population of ROS levels for H99 showed no significance after
2 h (Fig. 5.13e). Interestingly, although strains treated with TPPC3 and STAB showed high levels of
necrosis for both H99 (Fig. 5.13a) and Aaox1 (Fig. 5.13b), ROS levels for both strains remained low

after TPPC3 treatment (Fig. 5.13g, 5.13h) and STAB treatment (Fig. 5.13i, 5.13j)
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Figure 5.13: Flow cytometry assay of C. neoformans exposed to ALTOX reference drugs.

C. neoformans strains were stained with H2DCF-DA and analysed via Flow Cytometry aftera 2 h
incubation with ALTOX102 at the given MIC90. Percentage necrosis was measured via
fluorescence in V1-R. (A) Necrosis percentages of H99 treatment, (B) Necrosis percentages of
Aaox1 treatment. Percentage population of strains with low ROS and high ROS after ALTOX102
treatment were calculated. Panels: (C) H99 + Decyl TPP+, (D) Aaox1 + Decyl TPP+, (E) H99 +
Dodecyl TPP+, (F) Aaox1 + Dodecyl TPP+, (G) H99 TPPC3 (H) Aaox1 + TPPC3, (I) H99 + STAB,
(J) Aaox1 + STAB. Representative histograms of the population percentage found in V1-L and
V1-R after each treatment are included. Significance was calculated using Dunnett’'s multiple
comparisons test following a one-way ANOVA in GraphPad Prism. ** <0.005, *** <0.0005, ****
<0.0001, where P = 0.05. Error bars represent + SD. n=9
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5.2.15 The effects of ALTOX drug components on respiration

To assess whether each drug targets the mitochondria of C. neoformans, the respiratory profile of

H99 and Aaox? was investigated. Respirometer chambers were inoculated with 1 x 108 C.

neoformans cells after 24 h growth and exposed to each listed control compound at the MIC90.

Measurements of Maximum and Minimum respiration after exposure to each drug were taken and

compared to the routine level of respiration for each strain whereby respiration is regulated

according to physiological activity, at intracellular non-saturating ADP levels in routine states of

activity. Drug base control compounds (TPP+, ISSF31 and TPPC3) were tested against H99

respiration, with TPP+ (Fig. 5.14a) and ISSF31 (Fig. 5.14b) conferring no significant respiratory

losses (Fig. 5.14d) - however, addition of TPPC3 led to a rapid inhibition of respiration (Fig. 5.14c).
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Figure 5.14: Respiratory profiles of C. neoformans exposed to ALTOX094 reference
compounds.
Representative example of respiration in H99 determined using HRR. Chambers were inoculated

with 1 x 106 wildtype cells after 24 h growth and treated with either TPP+ (A), ISSF31 (B) or
TPPC3 (C) where indicated to a final concentration of the MIC90 for both drugs. Measurements
of Maximum (Max) and Minimum (Min) respiration (O2 flow per cells) after drug exposure were
taken and compared to the Routine level of respiration (Routine) for each treatment as indicated.
(D) Significance was calculated using Dunnett’s multiple comparisons test following a one-way
ANOVA in GraphPad Prism. ** <0.005, **** <0.0001, where P = 0.05. Error bars represent + SD.
n=3

5.2.16 Decyl TPP+ inhibits respiration, while Dodecyl TPP+ stimulates respiration
Interestingly, addition of Decyl TPP+ at the MIC90 inhibited respiration in both H99 (Fig. 5.15a) and

Aaox1 (Fig. 5.15b), similar to the action of TPPC3 (Fig. 5.14c). However, Dodecyl TPP+ exhibited a

mild stimulation of respiration, in both H99 (Fig. 5.15c¢, 5.15e) and Aaox17 (Fig. 5.15d, 5.15f). These
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data suggest that inhibition or stimulation of respiration induced by ALTOX drugs were Aox1

independent.
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Figure 5.15: Respiratory profiles of C. neoformans exposed to ALTOX094 reference

compounds.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and exposed to either Decyl TPP+ (H99 (A), Aaox1
(B)) or Dodecyl TPP+ (H99 (C), Aaox1 (D)) where indicated to a final concentration of the MIC90
for both drugs. Measurements of Maximum (Max) and Minimum (Min) respiration (O2 flow per
cells) after drug exposure were taken and compared to the routine level of respiration (Routine)
for each strain as indicated. (E) Decyl TPP+, (F) Dodecyl TPP+. Significance was calculated
using Dunnett’'s multiple comparisons test following a one-way ANOVA in GraphPad Prism. *
<0.05, **** <0.0001, where P = 0.05. Error bars represent + SD. n = 3.

5.2.17 ALTOX102 reference compounds may display a dose-dependent uncoupling activity

Exposure of H99 and Aaox7 to the ALTOX102 reference compound Octyl TPP+ at the MIC90 of
7uM had no significant effect on respiration in wild type (Fig. 5.16a, 5.16i) or Aaox1 cells (Fig. 5.16b,
5.16i). While addition of ALTOX203 at 7uM had no effect on Aaox17 respiration (Fig. 5.16d, 5.16j) it
did significantly decrease the minimum respiration value of H99 in comparison to routine respiratory
activity (Fig. 5.16¢, 5.16j). ALTOX203 did not, however, show a complete inhibition of respiration or
increase of the maximum respiratory value (Fig. 5.16¢). When both Octyl TPP+ and ALTOX203 were
added at the MIC90 of 11uM, there was still no significant effect on Aaox7? respiration (Fig. 5.16f,
5.16h) but an increase in wildtype respiration was seen for both drugs (Fig. 5.16e, 5.16g) which may

indicate an uncoupling activity.
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Figure 5.16: Respiratory profiles of C. neoformans exposed to ALTOX102 reference

compounds.
Representative example of respiration in H99 and Aaox1 determined using HRR. Chambers were

inoculated with 1 x 106 cells after 24 h growth and treated with either Octyl TPP+ or ALTOX203
where indicated to a final concentration of the MIC90 for both drugs. (A) H99 + 7uM Octyl TPP+,
(B) Aaox1 + 7uM Octyl TPP+, (C) H99 + 7uM ALTOX203, (D) Aaox1 + 7uM ALTOX203. (E) H99
+ 11uM Octyl TPP+, (F) Aaox1 + 11uM Octyl TPP+, (G) H99 + 11uM ALTOX203, (H) Aaox1 +
11uM ALTOX203. Measurements of Maximum (Max) and Minimum (Min) respiration (O2 flow per
cells) after drug exposure were taken and compared to the routine level of respiration (Routine)
for each strain as indicated. (I) Octyl TPP+ (7uM), (J) ALTOX203 (7uM), (K) Octyl TPP+ (11uM),
(L) ALTOX203 (11uM). Significance was calculated using Dunnett’s multiple comparisons test
following a one-way ANOVA in GraphPad Prism. * <0.05, ** <0.005, where P = 0.05. Error bars

represent £ SD.n=3

189



5.2.18 MALC compound respiration stimulation is dependent on carbon chain length

To provide a comparative control, HRR was also carried out on C. neoformans exposed to the MALC
compound STAB at two separate chain lengths (10C STAB, STAB) at the MIC90 of 15uM. STAB
had no significant effect on either wildtype (Fig. 5.17a) or Aaox1 mutant respiration (Fig. 5.17b) as
seen in (Fig. 5.17e). Addition of STAB, however, led to a rapid increase in respiration in both H99
(Fig. 5.17c) and Aaox1 (Fig. 5.17d) but did not decrease the minimum respiration value for either

strain (Fig. 5.17e), which may indicate a strong uncoupling effect.
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Figure 5.17: Respiratory profiles of C. neoformans exposed to MALC compounds.
Representative example of respiration in H99 and Aaox? determined using HRR. Chambers

were inoculated with 1 x 106 cells after 24 h growth and treated with either 10C STAB or STAB
where indicated to a final concentration of the MIC90 for both drugs. (A) H99 + 10C STAB, (B)
Aaox1 + 10C STAB, (C) H99 + STAB, (D) Aaox1 + STAB. Measurements of Maximum (Max)
and Minimum (Min) respiration (O2 flow per cells) after drug exposure were taken and
compared to the routine level of respiration (Routine) for each strain as indicated. (E) 10C
STAB, (F) STAB. Significance was calculated using Dunnett's multiple comparisons test
following a one-way ANOVA in GraphPad Prism. *** = 0.0006, where P = 0.05. Error bars
represent £ SD.n=3

5.2.19 ALTOX reference compounds are not haemolytic

To assess whether the effects on mitochondrial membranes exhibited by the ALTOX reference
compounds were fungal specific, a haemolysis assay was carried out whereby ALTOX reference
compounds at the given MIC90 were spotted onto agar plates containing 5% sheep blood. Plates
were incubated at 37°C and a zone of haemolysis (ZOH) was measured at 2 h and 24 h, whereby
alpha-haemolysis (red blood cell damage) was signified by a green-tinge and beta-haemolysis
(complete lysis) was signified by a clear area. Interestingly, none of the ALTOX094 reference
compounds (Fig. 5.18a) or the ALTOX102 reference compounds (Fig. 5.18b) tested showed
haemolytic activity. No significant ZOH was determined for either ALTOX094 reference compounds

or ALTOX102 reference compounds.
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Figure 5.18: Haemolytic effect of ALTOX reference drugs.

(A) ALTOX094 reference drugs and (B) ALTOX102 reference drugs were administered to filter
paper disks on agar plates containing 5% sheep blood at the MIC90 and incubated at 37°C. The
zone of haemolysis (ZOH) was measured for ALTOX094 and ALTOX102 after 2 h exposure and
24 h exposure. Significance was calculated using Dunnett’'s multiple comparisons test following
a one-way ANOVA in GraphPad Prism. **** < 0.0001 where P = 0.05. Error bars represent + SD.

n=3
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5.3 Discussion

5.3.1 ALTOX094 and ALTOX102 reduce C. neoformans growth and viability

This study aimed to develop compounds capable of the dual inhibition of fungal cytochrome bcsand
Aox as a novel approach to antifungal development. Substitution of the chlorine for bromine
(Colletochlorin B to ISSF31) did not lead to a significant reduction in potency (Fig. 5.1), reducing
the plCso from 8.2 + 0.1 to 7.7 + 0.2. Addition of the alkyl TPP*, however, did lead to a significant
reduction in inhibition, with both ALTOX094 and ALTOX102 being reduced to 4.8 + 0.1 and 4.9
0.1, respectively. While disappointing, this was not an unexpected result, given that the increased
size of the compound is likely to decrease mobility, and the lack of membrane potential in our test
system means there is no driving force for accumulation of compound at the target location.
However, in vitro evidence suggested that both ALTOX094 and ALTOX102 may act as dual inhibitors

of bcs complex and Aox activity.

Promisingly, both ALTOX compounds also showed strong effects on C. neoformans growth and

viability and were selected for further study.

While both ALTOX094 and ALTOX102 led to a loss of viability, ALTOX094 induced high levels of
necrosis while ALTOX102 did not, although this necrotic activity was Aox independent. This, in
conjunction with evidence that low levels of ROS were seen in ALTOX102 treated strains indicates
that both ALTOX094 and ALTOX102 affected C. neoformans viability via seemingly separate
mechanisms and that in both cases the mode of action was largely separable from Aox function.
This may in part be due to variations in the IC50 values observed in Fig. 5.1 whereby ALTOX102
seemed to have a higher potency against cytochrome bcs over Aox2, which suggests that there may

be preferential targeting of cytochrome bcs.

5.3.2 ALTOX drugs exhibit fungal specificity
To assess whether the ALTOX drugs could reduce the virulence of C. neoformans cells and exhibit

fungal specificity at the pre-determined MIC90 concentration, the Galleria mellonella infection model
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was used for both survival screening and melanisation (immune response). Interestingly, while
ALTOX094 did not confer toxicity in G. mellonella larvae, addition of ALTOX102 alone showed an
increased mortality rate by day 5 and an increase in toxicity was also seen after infection with the
Aaox1 mutant. These findings suggest that pre-treatment of both H99 and Aaox7 with ALTOX094
exhibited decreased virulence, presenting as a reduction in mortality for larvae by day 5, however
this reduction in mortality was not seen for cells pre-treated with ALTOX102. These data indicate
that while ALTOX094 treatment of C. neoformans showed high necrosis, this is fungal-specific and
so did not affect G. mellonella larvae. In fact, ALTOX094 addition alone did not induce an increased
immune response from G. mellonella larvae, although on day 5 larvae infected with the Aaox17 strain
exhibited significant melanisation which was not rescued by ALTOX094 addition. H99-infected
larvae inoculated with ALTOX102, however, showed an increased immune response across all
conditions on day 5, and larvae infected with Aaox7 exhibited significant melanisation after just one
day and by day 5 significant melanisation was seen across all conditions for Aaox7 infected larvae
inoculated with ALTOXO02. While no significant difference in virulence was seen between H99 and
Aaox1 strains for this infection model (Appendix 7.3) differences arising in G. mellonella immune
response could indicate that a loss of Aox may lead to increased recognition of C. neoformans via
changes in cryptococcal capsule or cell wall components, leading to PPO activation and melanin
production. The increase in larval mortality and melanisation seen upon ALTOX102 addition
indicates that the mechanism of action of ALTOX102 may differ to ALTOX094, resulting in an

increased host-response to the presence of ALTOX102.

To check whether disparities seen between ALTOX094 and ALTOX102 in the G. mellonella infection
model were based on fungal specificity, an early-stage cytotoxicity assessment was carried out.
Interestingly, neither ALTOX094, ALTOX102, or any of the reference compounds for these drugs
showed any haemolytic activity, even up to 10x the MIC90 concentration for each drug. This
indicates that while ALTOX094 and ALTOX102 may have shown different effects in the G. mellonella
infection model, this is unlikely to be based on host cell targeting and provides a large therapeutic

window for viable treatment.
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5.3.3 ALTOX drugs affect mitochondrial membranes

After establishing the reduction in viability seen after ALTOX094 and ALTOX102 treatment, we
wanted to assess whether ALTOX drugs were being targeted to the mitochondrial membrane, by
observing the respiratory profiles of C. neoformans after drug treatment. Interestingly, while
ALTOX094 clearly inhibited respiration in the biphasic effect seen in Fig. 5.7, ALTOX102 did not
inhibit respiration, but instead a dose-dependent increase in respiratory activity was seen. While an
increase in respiratory activity could be seen for ALTOX102, Dodecyl TPP+, Octyl TPP+ and
ALTOX203, we cannot officially define this observed respiratory flux as non-coupled respiration. This
definition requires the use of an established uncoupler, such as protonophores like FCCP. As we
cannot conclusively establish either ALTOX094, ALTOX102 or any of the reference compounds as
protonophores, this increase could only be defined as partial uncoupling, or non-phosphorylating
respiration, whereby intrinsic uncoupling occurs via leak of protons across the mitochondrial
membrane independently of ADP phosphorylation, dissipating the PMF. The degree of uncoupling
for ALTOX102, Octyl TPP+ and ALTOX203 appeared dose-dependent, whereby an increase in
respiration for ALTOX102 reference compounds Octyl TPP+ and ALTOX203 was seen only at the
MIC90 of 11uM for wildtype C. neoformans. However, in conjunction with the viability data seen in
Fig. 5.12, this disparity in respiratory traces between strains does not confer a depletion in cell
viability. This indicates that addition of ALTOX102 reference compounds at 11uM may induce

reversible proton uncoupling which is independent of Aox.

Respiratory activity seen after addition of ALTOX094, Decyl TPP+, and TPPC3 indicated that carbon
chain length affected both the degree and permanency of uncoupling and perhaps a bi-phasic shift
from proton leak to respiratory inhibition. This is supported by the STAB reference traces, in which
a long chain molecule showed strong respiratory stimulation indicative of uncoupling. These data,
in combination with the viability data in Fig. 5.12, showed that longer chain length compounds have
an increased ability to inhibit respiration, perhaps through irreversible uncoupling and increased
membrane porosity, which in turn affects viability. Interestingly, ALTOX drug effect on respiratory

activity of C. neoformans appeared Aox independent through a lack of disparity between respiratory
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traces after ALTOX094 or ALTOX102 addition, which was also seen after addition of Decyl TPP+
and Dodecyl TPP+. Interestingly, Dodecyl TPP+ did not confer the same MOA of fungicidal activity
seen by the other reference compounds for ALTOX094. The respiratory profile of Dodecyl TPP+
matched that of Octyl TPP+ and ALTOX203, whereby an increase in maximum respiration was seen,
but no inhibition of respiration, like that of ALTOX094, TPPC3 or Decyl TPP+. This may be in part to
either a more reversible uncoupling effect, or a lipophilic nature of the drug, whereby the high LogP
value seen for Dodecyl TPP+ (Appendix Table 7.3) may lend to low bioavailability of Dodecyl TPP+,
loss of targeting and an accumulation within the cell or inability to penetrate the target area itself.
This would match the flow cytometry data (Fig. 5.13), where a mixed population of ROS levels was
seen after Dodecyl TPP+ treatment for both H99 and Aaox7 and is perhaps indicative of mixed

solubility and targeting ability within cells.

To conclude, our data suggests that ALTOX compound ALTOX094 was a strong fungicidal agent,
which inhibited the respiration of C. neoformans but did not negatively impact the G. mellonella
infection model. However, as most of the data was similar for both wildtype H99 and Aaox1 strains,
the mechanism of fungal inhibition appears Aox independent, regardless of drug targeting.
Nevertheless, here we have confirmed a novel compound that can target fungal-specific
membranes, which led to a loss in viability for C. neoformans. Future work should be carried out to
assess the exact mechanism behind this loss in viability, and investigation into Aox specific

inhibitors, both alone and in combination with other inhibitors of the ETC.
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6 Final Discussion

6.1 Introduction

Human fungal pathogens can cause superficial, sub cutaneous or systemic infections, which in the
case of immunocompromised individuals can be associated with high mortality. The outcome for
patients is also strongly correlated with the speed and accuracy of diagnosis, a rise in antifungal
resistance and socioeconomic factors that restrict treatment ability3”7-37®. Antifungal resistance is
likely to become a major issue, driven by factors such as a limited number of identified cellular
targets for antifungal development, the over-use of agricultural fungicides and the emergence of

more fungal pathogens in an ever-warming climate3& 381,

Given the mortality of immunocompromised patients infected with the fungal pathogen C.
neoformans and the emergence of clinical isolates that are heteroresistant to currently circulating
azoles, we wanted to assess whether the mitochondria of C. neoformans was a viable target for

novel antifungal therapeutics, with a focus on the Aox enzyme.

6.2 Investigating C. neoformans metabolism

Metabolic modulation is integral for fungal pathogenicity and dissemination within the host as
adaption to limited ranges of metabolites within the harsh host environment, in conjunction with
periods of dormancy, can assist both prolonged latency and rapid virulence. We identified several
conditions which promoted C. neoformans growth in minimal media, including low pH and

preferential use of alternative carbon and phosphate sources linked to membrane integrity.

6.2.1 C. neoformans shows optimum growth at low pH
Interestingly, C. neoformans showed preferential growth at slightly acidic pH (pH 5-7) and could
utilise multiple additives for growth at pH 4.5 (Fig. 4.7). The ability of C. neoformans to grow in the

acidic environment of the phagolysosome has been well reviewed 382, with studies showing that C.
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neoformans will rapidly replicate inside of the mature phagolysosome and can even manipulate the
pH of the phagosome to near its optimum pH of 5 382 383 |nterestingly, the use of lysosomotropic
agents, such as Chloroquine, have been shown to kill C. neoformans directly and indirectly via a
rise in phagolysosomal pH and blockage of phagosome maturation 384-38_ However, the adaptability
of C. neoformans to grow in differing pH conditions is required for not only dissemination throughout
the human host outside of macrophage compartments, but perhaps escape from the macrophage
itself. This is because C. neoformans replies on phagolysosome membrane permeabilisation for
lytic expulsion 382, which would include disruption of the low pH, but addition of Chloroquine has
been shown to increase non-lytic expulsion 387, Although the mechanisms behind these phenomena
are still unclear, tolerance of fluctuating pH within the processes of engulfment and escape from

macrophages may assist C. neoformans in dragotcytosis.

While we observed that growth at pH 4.5 with the additives shown in Fig. 4.7d mainly increased C.
neoformans cell growth, one exception, a-amino malonate, inhibited growth at pH 4.5. Malonate
itself is proven to be an inhibitor of complex Il of the mitochondria38, and amino malonate is used
as a metabolic precursor to the sphingofungin biosynthetic pathway, which produces sphingolipid
inhibitors in pathogenic fungi such as Aspergillus fumigatus®®®. Inhibition of growth in the presence
of amino malonate may therefore indicate that C. neoformans is sensitive to sphingofungin

precursors and supports our hypothesis that C. neoformans is sensitive to respiratory inhibition.

6.2.2 C. neoformans maintenance of membrane integrity

As one of the key virulence traits associated to C. neoformans is capsule remodelling and plasma
membrane signalling, we wanted to investigate the uptake of supplements that would contribute to
these processes. Interestingly, we discovered not only a preferential uptake of phosphates (Fig. 4.5),
but a utilisation of carbon sources that contribute to both membrane integrity and capsule
biosynthesis (Fig. 4.2). Our data showed that wildtype C. neoformans could utilise more carbon

sources than the Aaox7 mutant, but we were particularly interested in the significance of mannitol,
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mannose and trehalose. While mannitol and mannose are carbon sources used by both strains,
they are key components of capsular GXM 327, and addition of mannitol into growth media has been
implicated with a marked increase in capsule size 3. Trehalose biosynthesis is a key contributor to
protection of membrane integrity under stress, which is synthesised from Glucose-6-Phosphate via
TPS1 39 although direct roles of trehalose in pathogenic mechanisms are yet to be elucidated 3%2.
While our data suggests that wildtype cells could utilise trehalose as a carbon source for increased
growth, we observed no significance in Aaox1 cells. However, on assessment of phosphate source
utilisation, cells lacking Aox used markedly more phosphate sources than the wildtype (Fig. 4.5),
including those for trehalose biosynthesis. The phosphate sensing and acquisition pathway (PHO)
393 which is controlled through the transcriptional regulator Pho4 3%, is integral for C. neoformans
dissemination and induction of the seed morphotype, and so uptake of phosphate sources for lipid
remodelling and trehalose biosynthesis may take precedence in nutrient-limiting conditions. Given
together, it could be suggested that Aox may perhaps have a role in membrane stress mediation,
and so cells lacking Aox may actively uptake more phosphate sources to maintain membrane

integrity and repair under stress, especially for smaller disseminating morphotypes.

6.3 Assessing C. neoformans use of mitochondria

6.3.1 Mitochondrial function is linked to kinases involved in sphingolipid biosynthesis

The developing links between mitochondrial function and pathogenicity have been well reviewed'®,
with a focus of mitochondrial involvement in cellular stress management during infection. While
exact signalling mechanisms behind diverse mitochondrial function during pathogenesis still require
further research, the presumption of high energetic cost to disseminating pathogens led us to
screening for kinases required for mitochondrial maintenance under stress. Interestingly, an
unbiased kinase knockout screen identified Ypk1, a kinase involved in sphingolipid biosynthesis, as
integral for not only routine respiration under normal growth conditions, but also for mitochondrial

function under inhibition of Complexes Il and IV. We also discovered that active Ypk1 had a role in
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melanisation, with identification of the critical residue D386A for Ypk1 activity in relation to melanin

synthesis.

Ypk1 is a kinase which is involved with sphingolipid biosynthesis, and studies have proven that it is
activated through phosphorylation at multiple sites 3%. Upstream activators of Ypk1 include PKCH1,
which is part of the Inositol-phosphoryl ceramide synthase (IPC) - Diacylglycerol (DAG) - PKC
pathway 3%, Pkh202 and TORC22%, which is critical for mitochondrial function and cell membrane
remodelling under stress. The downstream targets of Ypk1 include Orm1 and Orm2 3% which
modulate Serine Palmitoyl Transferase (SPT) activity, the primary enzyme in sphingolipid
biosynthesis, and Lac1 and Lag1 ceramide synthases *%, which through ceramides stimulate the
synthesis of complex sphingolipids?®® 2°2, Interestingly, ceramide is not only synthesised in the
endoplasmic reticulum (ER) through Lac1 and Lag1 (Fig. 6.1a), but is also found in mitochondria,
both through localised synthesis and translocation from the ER 3%°. The roles of ceramide in
mitochondrial function and apoptosis has been well reviewed*®, although Ypk1 involvement in these

processes is still unclear.

One could speculate that loss of Ypk1 may affect mitochondria by disrupting lipid biosynthesis and
autophagy, which may induce cellular sensitivity to mitochondrial ETC inhibition and stress (Fig.
6.1b). This is supported by our data showing that Aypk7 mutants displayed a lower routine
respiration (Fig. 3.14), and the loss of viability in Aypk7 mutants after Complex Il (Fig. 3.13) and
Complex IV (Fig. 3.16) inhibition. However, it is important to note that studies have identified Ypk1
in C. neoformans, C. albicans and A. fumigatus as dispensable for viability during normal growth,
which indicates that Ypk1 must have an inducible role under mitochondrial stress but is perhaps not

constitutively active for contribution to cell viability during normal growth conditions.

The speculative roles of Ypk1 in sphingolipid cross talk during mitochondrial inhibition and its relation
to cell fate are outlined in Fig. 6.1. In order to clarify the effects of Ypk1 loss on cell fate, analysis of
cell death mechanisms by flow cytometry and shotgun mass spectrometry for lipid content analysis

should be carried out in Aypk1 mutant C. neoformans under mitochondrial stress.
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6.3.2 The sphingolipid kinase Ypk1 has a role in C. neoformans melanisation

Our data showed that the D386 residue of Ypk1 was essential for the melanisation response.
Melanisation is composed of a complex signalling network involving the cAMP/PKA pathway, HOG
pathway and RAM pathway, although signalling components and regulation are yet to be fully
understood®® #. Melanin is synthesised in vivo via laccase enzymes which catalyse melanin
polymerisation and deposition at the cell wall. Transcriptional regulation of laccase via LAC1 is
multifactorial but is thought to be heavily attributed to four core transcription factors (TFs), Mbs1,
Hob1, Bzp4 and Uvs101 %01, While the epistatic interactions between the HOG, RAM and cAMP/PKA
pathways have been investigated®, little is known about laccase interactions after transcription.
However, it has been postulated that laccase localisation to the cell wall for generation of the melanin
coat can be controlled by both PKA 4%2 and PKC1 4%, although the signalling behind this localisation

is not well defined.

We can postulate that Ypk1 may act as a central signalling mediator for both plasma membrane lipid
homeostasis, through Lac1/Lag1 phosphorylation and acting as a downstream effector of PKC1 for
laccase localisation in melanin coat biosynthesis. These roles are dependent on the D386 residue
within the catalytic loop of Ypk1, as we have observed that perturbation of this residue led to a loss
of melanisation. However, as melanisation in C. neoformans is a complex, highly regulated process
involving multiple epistatic signalling components, we cannot assume that Ypk1 is solely responsible
for melanin biosynthesis. In fact, this is supported by our data showing maintenance of melanisation
seen in Aypk1 mutant C. neoformans, which may be a result of activation of alternate signalling
pathways. This may include cAMP/PKA, as PKA is shown to be involved in laccase activation and
localisation 4%, and Cka1, the Casein Kinase Il isoform in C. neoformans, which has also been
implicated in Lac1 activation 4%, As studies have shown that deletion of either Cka1 or PKA lead to
a reduction in melanisation 4°24%_this would indicate that melanin signalling is influenced by multiple
pathways. Deletion of Ypk1 entirely would likely upregulate PKA, Cka1 and other signalling
components found within these pathways to maintain wildtype levels of melanin production.

However, one could speculate that the presence of a kinase-dead Ypk1, with a residue D386
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alteration, could induce down-regulation of PKA/Cka1 pathway components or block activation of
laccase. This would be possible through the multiple phosphorylation sites that have been recorded
for Ypk1 3%°, For example, the PDK2 site has unknown, but presumed roles in kinase modulation for
downstream processes 3%, which remain ambiguous. This indicates that the D836 mutant isoform
of Ypk1 would still have functional phosphorylation sites such as K274 in conserved kinase domain
Il. One could suggest that other phosphorylation sites could have a downstream signalling effect in
preventing laccase translocation, so loss of the whole kinase would be required for other melanin

biosynthesis pathways to take dominance.

In this way, we can suggest that Ypk1 promotes pleiotropic control of both sphingolipid biosynthesis
and laccase localisation, which is attributed to the ambiguity of phosphorylation sites found in the
kinase. The proposed interactions of Ypk1 during laccase induction and translocation, and the
effects of its loss, can be seen in Fig. 6.1. In order to investigate these proposals, co-

immunoprecipitation and fluorescence microscopy should be considered.
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Figure 6.1: Proposed roles of Ypk1.

Schematic illustrating (A) the effect of Ypk1 on melanin production, sphingolipid biosynthesis
signalling and mitochondrial physiology under ETC inhibition, with either fully functional Ypk1 or
with the D386A substitution. This includes the TORC2 and IPC1-DAG-PKC1 pathway, inhibition
of Orm1/2 through phosphorylation, and phosphorylation and translocation of Lac1. Ypk1 is also
involved in the production of ceramide, which may be involved in mitophagy and avoidance of
cell death. (B) The proposed effect of loss of Ypk1 on these processes, where the cAMP/PKA
and Cka1 pathways modulate Lac1 phosphorylation, translocation and formation of the melanin
coat. Background signalling components and transcription factors, such as Pkh202, Mbs1 and
Hob1 are also involved in Lac1 production. Loss of Ypk1 may dysregulate ceramide production,
leading to mitochondrial sensitivity to ETC inhibition. Created with BioRender.com.

6.3.3 Roles of Aox in C. neoformans

Our data suggests that the Aox of C. neoformans contains structural similarities to isoforms found
in oleaginous yeasts, rather than other human fungal pathogens such as C. albicans. Interestingly,
our data also shows that Aox does not contribute to normal growth and respiration but is required
for mitochondrial resistance to Complex Il inhibition, as wildtype cells show increased respiratory
activity and robust growth after Azoxystrobin addition, unlike the Aaox7 mutant. However, the
disparate effects of Complex Il and Complex IV inhibition in relation to Aox function supports the
given proposal in Section 1.3.8. The lack of Aox response during Complex IV inhibition via KCN, but
the induction of Aox under Complex Il inhibition, indicates that Aox may provide relief from ETC
inhibition though manipulation of electrons from the UQP, perhaps through the induction of
quiescence. Interestingly, these findings support studies which have also identified Aox as

responsible for RET/FET switching in xenotopic expression of Aox in mice?3,

While dormancy is a well-known process for pathogenic infection of the host in cryptococcosis™,
questions around the induction of a VBNC phenotype and Aox involvement in this process remain.
While VBNCs can be reactivated though the addition of quorum sensing vitamins such as
pantothenic acid, re-activation of VBNC cells in vitro is better in minimal media over rich media®®,
thought to be caused by cell death induced by oxidative stress from rapid metabolic activation. C.
neoformans has interactions with Acanthamoeba castellanii *®, Dictyostelium discoideum 4°® and

soil-dwelling cyanogenic bacteria like Pseudomonas aeruginosa *° in the environment, as well as
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macrophages in the host, where high levels of cyanide generated by bacteria or NO by macrophages
can affect Complex IV activity and C. neoformans growth. One could speculate that the VBNC
phenotype is an evolutionary adaption to resist these environmental challenges, while Aox induction
linked to Complex Ill and electron transport may be present to moderate ROS production and

damage during normal growth.

One possibility is that Aox activation plays a role within a metabolic checkpoint, which helps to halt
cellular growth and induce quiescence under conditions of ETC inhibition. This may contribute to
the unique VBNC dormancy phenotype observed during infection, where C. neoformans can remain
metabolically dormant under host-induced antimicrobial stress until latent reactivation. The
proposed roles for Aox acting as a metabolic checkpoint for quiescence switching can be found in

Fig. 6.2.
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Figure 6.2: Proposed roles of Aox as a quiescence switch.

Schematic illustrating (A) the proposed role of Aox under Complex Il inhibition by Azoxystrobin
or Mahanine, leading to induction into GO (Quiescence). This may be initiated by ROS production
and loss of ATP which induces RET through Complex | and activates the DNA Damage Response
(DDR) pathway. (B) Respiration processes without Complex Il inhibition, including FET, oxidative
phosphorylation and production of ATP. This would not induce the DDR pathway and allow for
cellular commitment to the G1/S phase of the cell cycle. Black arrows indicate electron
movement. Created with BioRender.com.

This postulation is supported by studies in glioblastoma, whereby inhibition of Complex Il using
Mahanine, which increased ROS, induced the DNA Damage Response (DRR) and led to GO arrest
(quiescence)®’. Interestingly, DRR leading to quiescence in the GO section of the cell cycle has
been implicated in both fungal pathogenicity and drug resistance*®, and coupling of metabolic
checkpoints to the cell cycle has been recently observed, where Ras mislocalisation can alter

metabolic homeostasis, inducing quiescence?*®”®. While these studies support the given proposal,
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further research into metabolic checkpoints coupled to cell cycle regulation in C. neoformans, and

whether this presents a viable target for antifungal therapies, should be explored.

6.4 Antifungal therapeutic strategies

Following our analysis of C. neoformans use of mitochondria and metabolic requirements, we
wanted to investigate what approach to fungal-specific targeting would be a viable therapeutic
option. Firstly, our BIOLOG metabolite screens indicated a preferential uptake of di- and tri-peptides
(Fig. 4.4), which have been observed as a potent antifungal against C. neoformans as synthetic

agents 410412,

6.4.1 Utilisation of peptides for antifungal targeting

While the mechanism and role of peptide uptake in C. neoformans pathogenicity is still unclear, the
importance of nitrogen sources in NCR, TOR and SPS-sensing pathways and capsule and melanin
synthesis has been investigated 328 413414, Amino acid uptake is thought to occur through ten amino
acid permeases in C. neoformans 15, which accounts not only for the increased uptake of peptides
for growth that we have seen, but also the attraction to the use of peptides as an antifungal inhibitor.
While synthetic peptides are currently being investigated for their potency against C. neoformans
410-412 qgiven the observed preferential uptake of di- and tri- peptides for growth, it could be suggested
that these peptides could be used for antifungal drug targeting and trafficking into the cell for
enhanced drug uptake. This would perhaps address the current issue with enhanced drug efflux
seen in both C. neoformans and C. gattii in response to azole treatment 41, which occurs via the
ABC transporters Afr1, Afr2 and Mdr1 417, Utilisation of di- and tri-peptides that are readily uptaken
by C. neoformans, perhaps as part of a drug conjugate, may allow for therapeutic drugs to be

retained for longer periods, which would increase efficacy and potentially lower working MICs.
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6.4.2 Assessment of C. neoformans mitochondria as a viable antifungal target

The BIOLOG screens conducted in this thesis also identified a sensitivity to the antimicrobial
compound sodium nitrite (Fig. 4.8). While sodium nitrite has been highlighted as a common
antimicrobial in the commercial food industry 41 we were interested in its ability to produce ROS
and disrupt the plasma membrane redox system (PMRS) 361, We were able to show that addition of
sodium nitrite disturbed C. neoformans membranes, indicated by disruption of respiratory activity
conducive with uncoupling of respiration from ATP synthesis (Fig. 4.11). We were also able to
confirm that this membrane disruption was detrimental to cell melanisation and viability, which is
presumably linked to elevated levels of ROS. While we have postulated that Aox can use ROS as a
signal for RET and induction of quiescence, it is important to note that lower levels of ROS can act
within signalling pathways, but rapidly generated, high levels of ROS induce cell death. Given the
promise of sodium nitrite for therapeutic application, further investigation into its action and cell death
mechanisms in C. neoformans should be carried out. However, one key finding is that C. neoformans

was sensitive to mitochondrial membrane disruption.

In support of these findings, our investigations into novel dual inhibitors of both Aox and cytochrome
bcs (ALTOX094 and ALTOX102) confirmed that C. neoformans was sensitive to disruption of
mitochondrial membranes (Section 5.3.3). Unfortunately, the dual inhibition of Aox and cytochrome
bcs could not be confirmed as the mechanism of action responsible for ALTOX094 induced cell
death. Interestingly, although we observed a loss of viability for ALTOX102, we could not ascertain
a mechanism of cell death, and given our data showing an increase in respiratory activity for cells
treated with ALTOX102, we can suggest that ALTOX102 may be inducing a quiescent phenotype.
This is supported by the IC50 data suggesting that ALTOX102 preferentially targets cytochrome bc+
over Aox, which matches our postulation that targeting of Complex Il may lead to quiescence
through Aox activity. While these drugs were designed to inhibit fungal respiration through dual
inhibition, our data suggested that irreversible drug insertion into membranes disrupted cell
permeability and membrane integrity and lead to rapid necrosis. We could confirm, however, that

this necrosis was fungal specific, which did not affect the G. mellonella animal model and did not
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confer haemolytic activity. Most interestingly, this finding supports our suggestions that C.

neoformans is reliant on mitochondrial membrane integrity, of which modulation is Aox independent.

Given our proposals thus far that C. neoformans is sensitive to membrane disruption and is heavily
reliant on processes involved in lipid and membrane integrity, therapeutics that affect membrane
permeability, such as sodium nitrite or ALTOX094, seem to be a viable option. It appears that while
Aox may play a key role as a quiescent switch or metabolic checkpoint, this action is still affected
by membrane permeability. Aox may account for some avoidance of cell death via quiescence when
Complex Ill of the ETC is targeted, although it does not appear to have a protective role under

general membrane perturbation.

6.5 Conclusions and Future Directions

We have investigated the metabolic requirements of C. neoformans and its reliance on mitochondria
for growth and adaption. Our data suggests that C. neoformans uses the classical ETC for
respiration, and as such is heavily reliant on maintenance of mitochondrial membrane integrity. We
have also seen that mitochondrial function in C. neoformans is linked to lipid homeostasis, and
perturbation of lipid signalling pathways, particularly involving Ypk1, can result in lower respiration
and loss of melanisation. We have also discovered that C. neoformans is sensitive to disruption of
redox signalling pathways through the rapid induction of ROS and showed sensitivity to membrane
disruption, which presents a viable target. Most importantly, our data shows that Aox does not
appear to contribute to normal growth or respiration, but we have highlighted a proposed role of Aox
as part of a metabolic checkpoint, which through RET induction can induce quiescence in response
to mitochondrial Complex lll inhibition. We suggest that inducing a VBNC phenotype in a
combination therapy with a drug targeting the fatty acid pathway, or presence of a drug that
increases oxidative stress after induced VBNC re-activation could be a viable therapy for acute

infection, although VBNC host tolerance and signalling should be investigated further.
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Future work should be directed towards the analysis of functional membrane targets in C.
neoformans, and deeper investigation into lipid pathway components linked to mitochondrial
morphology and function. Investigations into perturbation of redox signalling, as well as assessing
dormancy induction under mitochondrial inhibition should be considered, to perhaps isolate a dual
inhibitory mechanism whereby mitochondrial membranes are targeted, but dormancy induction is
blocked. Understanding of this signalling within C. neoformans and how this relates to stress

adaption within the host may allow for new insights into future antifungal therapeutics.
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7 Appendix

Gene Names

Organism

Length

SAPINGB_P001583

GX50_07737

ASPBRDRAFT_113570

BDWA3DRAFT_309613

ETB97_009496

HCAG_03721

BDQO4DRAFT_157850

PITG_09890

Saprochaete ingens

Emmonsia crescens

v

AOX1, COVEE_103685, CFD26_103774

BOV2GDRAFT_284853

IFR04_005138

CNMCM6457_006962,

CNMCMEE805_007619

ASPTUDRAFT_30962

aox1

Aspergillus brasil is (strain CBS 101740 /1M1
381727 /1BT 21946)
Petromyces alliaceus {Aspergillus alliaceus)

Aspergillus burnettii

Ajeliomyces capsulatus (strain NAm1 / \WU24)
(Darling's disease fungus) (Histoplasma
capsulatum)

Aspergillus welwitschiae

Phytophthora infestans (strain T30-4) (Potato late
blight agent)

Aspergillus turcosus

Aspergillus bertholletiae

Cadophora malorum

Aspergillus fumigatiaffinis

Aspergillus tubingensis (strain CBS 134.48)

Aspergillus niger

344 A4

357 AA

351 AA

353 A4

353 AA

325 AA

316 AA

345 AA

353 AA

356 AA

345 A4

351 AA

1e-82]

51.3% 1e-82]

45% 1.12-82
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Figure 7.1a: Similarity scores of Aspergillus brasiliensis, Histoplasma capsulatum and

Aspergillus niger Aox, in comparison to C. neoformans Aox (BLAST)?"® 20,
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sp|Q26710|AOX TRYBB Alternative oxidase mitochondrial Trypanosoma brucei brucei RCLF TVEBGVPGMVGGMLRHL SSLRYMTRDK 0<<_Zr.ﬂrr VEAE
sp|Q8NKE2|AOX CRYNH Alternative oxidi itochondrial Crypt fe var. grubii ype A (strain HS9) N_ (5 S| GVPGMVGGTLRHLRSMRLLKRDGGWIHSLLEEAE
sp|O93853|A0X1 CANAX Alternative oxid 1 mitochondrial Candl Ibi RCI F S| GVPGSVAGFVRHLHSLRMLTRDKAWIETLHDEAY
sp|QSUV71|AOX2 CANAX Alt iy xidase 2 mitochondrial Candida albicans RCI F SVEMGVPGSVAGFLRHLHSLRMLRRDKAWIETLLDEAY
tr]AOA137P8S8|A0A137P8S8 CONC2 Alt i id Conidiobol. (strain ATCC 28846) RVVM TVEMAVPGMVGGTI RHLQSLRLMKHDGGWIHHLLHEAE
trJAOA1Y1X615|A0A1Y1X615 SFUNG Alternative oxidase Basidiobolus meristosporus RAVA TVEMAVPGMVGAVI RHLRSLRKMKHDGGWITHLLHEAE
tr|AOAOLONPQ3|AOAOLONPQ3 CANAR Alternative oxidase Candida auris Im_ I |F SVEGV PG I.) AFI RHLHSLRLLKRDKAWIETLLDEAY
sp|Q9Y711|AOX AJECA Alternative oxidase mitochondrial Ajelfomyces capsulatus RFI F TVEMGVPGMVGGMLRHLRSLRRMKRDNGWIETLLEEAY
tr] TSBXX6| TSBXX6 AJEDE Alternative oxidase Blastomyces dermatitidis RFI F TVEMGVPGMVGGMLRHLRSLRRMKRDNGWIETLLEEAY
tr|C1G911|C1G911 PARBD Alternative oxidase Paracoccidioides brasiliensis (strain Pb18) RFI F TVEGVPGMVGGMLRHLRSLRRMKRDNGWIETLLEEAY
tr|J3KIBE|J3KIBE COCIM Alternative oxidase Coccidioides immitis (strain RS) RFI F TVEMAVPGMVGGMLRHLRSLRRMKRDLGWIETLLEEAY
trJAOAOF2M914|AOAOF2M914 SPOSC Alternative oxidase Sporothrix schenckii RFI F S GVPGMVAGMLRHLHSI RRLRRDNGWIETLLE m.<
tr]ACAO93VTP6|ADA093VTPE TALMA Alternative oxid Tal. Y ffel RI LF SVEMGVPGMVAGMLRHLRSLRTMRRDNGWIETLLEEAY
tr|E6RO40|EGR040 CRYGW Alternative oxidase Cryptococcus gattii serotype B (strain WM276) RI I L SI BIGVPGMVGGTLRHLRSMRLLKRDGGWIHSLLEEAE
tr|C5MB28|C5MB28 CANTT Alternative oxidase Candida tropicalis (strain ATCC MYA-3404) RVIF SVEEMGVPGSVAGFI RHLHSLRMLTRDKAWIESLQDEAY
tr|Q4WHK6E|Q4WHK6E ASPFU Alternative oxidase Neosartorya fumigata (strain ATCC MYA-4609) RFI F SVEEMGVPGMVGGMLRHLRSLRRMKRDNGWIETLLEEAY
tr|FOF166|F9F 166 FUSOF Alternative oxidase Fusarium oxysporum (strain Fo5176) RF I F SIMMGVPGMVGGMLRHL SSLRRMKRDNGWIETLLE m-<
tr|C7YJZ4|C7YJZ4 NECH7 A idase Nectria h (strain 77-13-4) RFI F S| GVPGMVGGMLRHLGSLRRMKRDNGWIETLLEESIY
tr|H6C3B9|H6C3B9 EXODN Alternative oxidase Exophiala dermatitidis (strain ATCC 34100) RFI1F TVEGVPGMVGGMLRHFRSLRRMKRDNGWIETLL EfflAY
tr|JGEMT8|J6EMTS TRIAS Alternative oxidase Trichosporon asahii var. asahil (strain ATCC 90039) RI I LLESI@GVPGMVGGTLRHLRSLRLLRRDGGWIHTLLEEAE
trll1CQV1|11CQV1 RHIOS Alt ive oxidase Rhizopus del (strain RA 99-880) RAVM TI AVPGMVGAMLRHMKSLRRMSEDNGWISHLLHEAE

t of the Aox sequences of human fungal pathogens
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whereby yellow residues indicate conservation, red residues indicate iron binding

activity and green residues show quinol binding ability, carried out on Clustal 2.14*
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Cryptococcus Accession Information 2020

original original
plate strain
number  number
1571
1573
2216
2217
1503
1504
1564
1565
2157
2158
n/a
n/a
n/a
n/a
2809
2810
1438
1439
1804
1805
1235
1236
1901
1902
n/a
n/a
1885
1886
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1245
1246
2415
2416
2038
2039
2806
n/a
1493
1494
2941
2942
1940
1941
2761
1241
1410
1411
1912
1913
1486
1487
3056
3057
2408
2409
1514
1515
278
279
281
282
284
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Plate set description

Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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Cryptococcus kinase deletion colle
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Cryptococcus kinase deletion colle
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Cryptocaccus kinase deletion colle
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Cryptococecus kinase deletion colle
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Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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Well

B2
c2
D2
E2
F2
G2
B3
c3
D3
E3
F3
G3
B4
ca
D4
E4
Fa
G4
C5
D5
ES
Fs5
G5
B6
ce
D6
E6
F6

G6
B7
c7
D7
E7
F7
G7
Cc8
B8
D8
ES
F8
G8
B9
c9
D9
ES
F9
G9
B1O
C10
D10
E10
F10
G10
B1l
Cc11
D11
E11
Fl11
G11
B2
c2

CNAG

CNAG_01333
CNAG_01333
CNAG_06161
CNAG_06161
CNAG_02802
CNAG_02802
CNAG_03369
CNAG_03369
CNAG_01294
CNAG_01294
disregard
disregard
disregard
disregard
CNAG_04821
CNAG_04821
CNAG_00745
CNAG_00745
CNAG_04408
CNAG_04408
CNAG_02820
CNAG_02820
CNAG_05439
CNAG_05439
disregard
disregard
CNAG_02389
CNAG_02389

CNAG_05097
CNAG_05097
CNAG_06553
CNAG_06553
CNAG_06730
CNAG_06730
CNAG_05965
disregard
CNAG_07744
CNAG_07744
CNAG_03567
CNAG_03567
CNAG_02551
CNAG_02551
CNAG_01155
CNAG_01155
CNAG_06568
CNAG_06568
CNAG_00826
CNAG_00826
CNAG_03048
CNAG_03048
CNAG_07580
CNAG_07580
CNAG_05753
CNAG_05753
CNAG_05600
CNAG_05600
CNAG_01850
CNAG_01850
CNAG_05590
CNAG_05590
CNAG_01988

Gene name

ALK1
ALK1
VRK1
VRK1
ARG2
ARG2
SWE102
SWE102
IPK1
IPK1

PAN3
PAN3
HRK1/NPH1
HRK1/NPH1
CKI1
CKI1
PKH201
PKH201
CMK1
CMK1

YPK101
YPK101

CKY1
CKY1
GALB3
GALB3
GSK3
GSK3
IRK4

PIK1
PIK1
CBK1
CBK1
DAK102
DAK102
GUT1
GUT1
SK51
SKS1
DAK101
DAK101
IRK3
IRK3
TRM7
TRM7
ARGS5,6
ARGS,6
1GI11
1GI1
TCO1
TCO1
TCO2
TCO2
TCO3
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285
417
418
286
287
2469
2554
n/a
558
608
270
271
188
189
342
343
330
331
127
128
373
374
552
554
194
195
n/a
273
274
619
620
313
314
n/a
1216
1266
1267
1500
1501
64
1510
1511
1579
1580
1709
1710
nfa
nfa
1736
1737
1800
1801
1825
n/a
1904
1905
1989
n/a
n/a
1950
2040
2096
2443
2444
2487
2489

Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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D2
E2
F2
G2
B3
c3
D3

D4
E4
F4
G4
BS
cs
DS
E5
Fs
G5
B6
6
D6
£6
F6
G6
B7
c7
D7
E7
F7
G7
B8
cs
D8
E8
F8
G8
B9
co
D9
£3
£9
F9
G9
B10
c10
D10
E10
F10
G10
B11
ci1
D11
E11

G11
B2
G2
c2
D2
B3
a3
D3
E3
F3
G3
B4

CNAG_01988
CNAG_03355
CNAG_03355
CNAG_00106
CNAG_00106
CNAG_00363
CNAG_00363

CNAG_00047
CNAG_00047
CNAG_00130
CNAG_00130
CNAG_00396
CNAG_00396
CNAG_01730
CNAG_D1730
CNAG_02357
CNAG_02357
CNAG_D2511
CNAG_02511
CNAG_02531
CNAG_02531
CNAG_03670
CNAG_03670
CNAG_04162
CNAG_04162

CNAG_04755
CNAG_04755
CNAG_06301
CNAG 06301
CNAG_06980
CNAG_06980

CNAG_03024
CNAG_03367
CNAG_03367
CNAG_02680
CNAG_02680
CNAG_01523
CNAG_02296
CNAG_02296
CNAG_04631
CNAG_04631
CNAG_06193
CNAG_06193

CNAG_04678
CNAG_04678
CNAG_02675
CNAG_02675
CNAG_03167

CNAG_02542
CNAG_02542
CNAG_01062

CNAG_01062
CNAG_04197
CNAG_04197
CNAG_03258
CNAG_03258
CNAG_02799
CNAG_02799

TCO3
TCO4
TCO4
TCOS
TCO5
TCO6
TCO6
disregard
PKP1
PKP1
HRK1
HRK1
PKA1
PKA1
STEV
STE7
MKK2
MEKK2
CPK1
CPK1
CPK2
CPK2
IRE1
IRE1
PKA2
PKA2
disregard
BCK1
BCK1
SCH9
SCHS
STE11
STE11
disregard
RIM15
URK1
URK1
VPS15
VPs15
HOG1
RBK1
RBK1
RIK1
RIK1
CRK1
CRK1
disregard
disregard
YPK1
YPK1
HSL101
HSL101
CHK1
disregard
IRK2
IRK2
PSK201
disregard
disregard
PSK201
YAK1
YAK1
TPK202A
TPK202A
DAK202A
DAK202A

215



Wb W W W W L W L0 L) W W W W W W W W w

B s s R kR RRE R R R R BE B E R WWWW W W W W WW

2948
2949
1575
1576
1807
1808
1935
1936
2439
2440
2072
2797
2829
2830
n/a
2911
3153
3188
2663
3223
3240
3241
3236
3238
1310
2119
3038
3039
2892
2893
3051
3052
1725

1726
2372
2373
3229
3325
1468
1469
1968
1969
2793
2794
2370
3699
3219
3220
3736
3737
3632
3633
3789
3790
2915
2916
2852
2853
3785
3786
3172
2955
2136
2137
3063
3611
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Cryptococcus kinase deletion colle
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Cryptococcus kinase deletion colle
Cryptaceccus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptaceccus kinase deletion colle
Cryptococcus kinase deletion colle
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c4
D4
E4
F4
Ga
B5
Cs
D5
ES
F5
G5
B6
6
D6
E6
F6
G6
B7
c7
D7
E7
F7
ES
F8
G8
B9
co
D9
E9
Fo

c10

D10
G9

B10
E10
F10
G10
B11
c11
D11
E11
F11
G11
B2
c2
D2
E2
F2
G2
B3
c3
D3
E3
F3
G3
B4
ca
D4
E4
Fa
G4
B5
C5
D5
ES
F5

CNAG_04040
CNAG_04040
CNAG_03216
CNAG_03216
CNAG_01905
CNAG_01905
CNAG_05005
CNAG_05005
CNAG_04108
CNAG_04108
CNAG_06632
CNAG_06632
CNAG_06051
CNAG_06051

CNAG_00636
CNAG_05220
CNAG_05220
CNAG_07779
CNAG_07779
CNAG_06033
CNAG_06033
CNAG_04282
CNAG_04282
CNAG_06809
CNAG_06809
CNAG_06086
CNAG_06086
CNAG_04316
CNAG_04316
CNAG_05694
CNAG_05694
CNAG_03843

CNAG_03843
CNAG_06552
CNAG_06552
CNAG_00782
CNAG_00782
CNAG_04230
CNAG_04230
CNAG_02712
CNAG_02712
CNAG_02947
CNAG_02947
CNAG_00415
CNAG_00415
CNAG 03552
CNAG_03592
CNAG_04433
CNAG_04433
CNAG_06697
CNAG_06697
CNAG_01165
CNAG_01165
CNAG_00405
CNAG_00405
CNAG_03946
CNAG_03946
CNAG_05216
CNAG_05216
CNAG_01209
CNAG_05558
CNAG_06310
CNAG_06310
CNAG_02233
CNAG_02233

FPK1
FPK1
SNF101
SNF101
KSP1
KSP1
ATG1
ATG1
PKP2
PKP2
ABC1
ABC1
GALL
GAL1
disregard
cDe7
TLK1
TLK1
TDA10
TDA10
MAK3202
MAK3202
MPK2
MPK2
IKS1
IKS1
SSN3
SSN3
UTR1
UTR1
CKAl
CKAL
ARK1

ARK1
SNF1
SNF1
SPS1
SPS1
THI&
THIG
BUD32
BUD32
SCY1
5CY1
CDC2801
CDC2801
THI20
THI20
YAK103
YAK103
MPS1
MPS1
LCB5
LCB5
KIC1
KIC1
GAL101
GAL101
RAD53
RADS3
FAB1
KIN4
IRK7
IRK7
MEC1
MEC1
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2953
1234
2808
1883
4139
n/a
4190
4191
3330
4212
3922
3924
3926
3927
2826
2410
3716
2912
4156
4281
3211
3212
3714
3715
3930
3931
n/a
n/a
3844
3845
n/a
n/a
1828

3053
3814
3816
3830
3831
4294
4255
4341
4342
4324
4325
4252
4253
4269
4270
4288
4289
4332
4333
4327
4328
4338
4339
4256
4257
4268
4309
4321
4323
4186
4187
4180
4181
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Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
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G5
B6
C6
D6
E6
F6
GG
B7
c7
D7
E7
F7
G7
B8
cs
D8
E8
F8
G8
B9
c9
D9
E9
F9
G9
B10
C10
D10
E10
F10
G10
B11
c11

D11
E11
F11
G11
B2
c2
D2
£2
F2
G2
B3
c3
D3
£3
F3
G3
B4
c4
D4
E4
F4
G4
B5
s
D5
£5
F5
G5
B6
c6
D6
£6
F6

CNAG_03811
CNAG_02820
CNAG_05965
CNAG_05439
CNAG_04197
disregard
CNAG_03184
CNAG_03184
CNAG_04215
CNAG_02007
CNAG_01612
CNAG_01612
CNAG_06671
CNAG_06671
CNAG_04927
CNAG_05753
CNAG_04927
CNAG_00636
CNAG_05558
CNAG_01209
CNAG_03290
CNAG_03290
CNAG_02859
CNAG_02859
CNAG_01938
CNAG_01938
CNAG_02233
CNAG_02233
CNAG_05771
CNAG_05771
CNAG_06310
CNAG_06310
CNAG_03167

CNAG_05694
CNAG_04514
CNAG_04514
CNAG_01704
CNAG_01704
CNAG_00266
CNAG_00266
CNAG_ 04221
CNAG_04221
CNAG_01061
CNAG_01061
CNAG_03796
CNAG_03796
CNAG_05386
CNAG_05386
CNAG_07372
CNAG_07372
CNAG_04314
CNAG_04314
CNAG_04191
CNAG_04191
CNAG_03137
CNAG_03137
CNAG_04272
CNAG_04272
CNAG_02915
CNAG_02915
CNAG_06490
CNAG_06490
CNAG_06278
CNAG_06278
CNAG_05243
CNAG_05243

IRKS
PKH201
IRK4
CMK1
YAK1

BUB1
BUB1
MET3
ADK1
PSK202
PSK202
YKL1
YKL1
YFH701
ARGS5,6
YFH701
CDC7
KIN4
FAB1
KIC102
KIC102
POS5
POS5
KIN1
KIN1
MEC1
MEC1
TEL1
TELL
IRK7
IRK7
CHK1

CKAl
MPK1
MPK1
IRK&
IRK&
YFH7
YFH7
FBP26
FBP26
FRK102
FRK102
ENV7
ENV7
PRO1
PRO1
OXK1
OXK1
YEF1
YEF1
CEX1
CEX1
PHO8501
PHO8501
CMEK2
CMK2
PKH202
PKH202
SNF102
SNF102
TCO7
TCO7
XK51
XKS1
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4275
4278
4336
4337
1217
123
124
3702
3703
1809
4211
4176
4228
4230
4174
3824
3825
4347
4348
2952
1950
1951
65
66
264
265
3329
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Figure 7.2: Plate maps for the C. neoformans kinase knockout series generated by

Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococecus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle
Cryptococcus kinase deletion colle

Cryptococecus kinase deletion colle

Kyung-Tae Lee et. al".
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G6
B7
c7
D7
E7
F7
G7
B8
c8
D8
E8
F8
G8
B9
c9
D9
E9
F9
G9
B10
C10
D10
E10
F10
G10
B11
c11

CNAG_00556
CNAG_00556
CNAG_05200
CNAG_05200
CNAG_03024
CNAG_00769
CNAG_00769
CNAG_08022
CNAG_08022
CNAG_01905
CNAG_02007
CNAG_06366
CNAG_05104
CNAG 05104
CNAG_06366
CNAG_01162
CNAG_01162
CNAG_07667
CNAG_07667
CNAG_03811
CNAG_07359
CNAG_07359
CNAG_01523
CNAG_01523
CNAG_05063
CNAG_05063
CNAG_04215

YCK2
YCK2
BUD16
BUD16
RIM15
PBS2
PBS2
PHOB5
PHOB85
KSP1
ADK1
HRR2502
FRK101
FRK101
HRR2502
MAK3201
MAK3201
SAT4
SAT4
IRKS
IRK1
IRK1
HOG1
HOG1
S5K2
SSK2
MET3
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Table 7.1: Summary of additives that increase C. neoformans growth.

Red additives are those that affect both H99 and Aaox1.

H99

Aaox1

Carbon Sources

D-Trehalose

D- Mannose

Dulcitol

D-Fructose

a-D-Glucose

Pectin

Carbon Sources
D-Mannose
Dulcitol
a-D-Glucose
Gelatin

B-Hydroxy-Butyric Acid

Phosphorus and Sulphur Sources

Adenosine- 2°,3’-cyclic monophosphate

Phosphorus and Sulphur Sources
Phosphate

Tri-polyphosphate

Adenosine- 2’,3’-cyclic monophosphate
Phosphoenol Pyruvate
D-Glucose-6-Phosphate
D-Mannose-1-Phosphate
Cysteamine-S-Phosphate

Uridine- 3’-monophosphate
O-Phospho-L-Tyrosine
O-Phosphoryl-Ethanolamine
Thymidine- 5’-monophosphate
Inositol Hexaphosphate

Sulphate

Glutathione

Peptide Nitrogen Sources

Ala-Asn

Peptide Nitrogen Sources

Ala-Asp
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Ala-Lys
Ala-Pro
Arg-lle
Arg-Lys
Arg-Met
Arg-Trp
Asp-Leu
Asp-Lys
Asp-Phe
Asp-Val
GIn-GIn
Glu-Ser
Glu-Tyr
Gly-Ala
Gly-Arg
Gly-Gly
Gly-Phe
Gly-Ser
Gly-Val
lle-Gin
Lys-Arg
Lys-Phe
Lys-Trp
Met-Glu
Phe-Phe

Ser-Ser

Ala-Gin
Ala-Val
Asp-GIn
Asp-Gly
Gly-Asn
Gly-Asp
lle-Asn
Lys-Gly
Lys-Met
GIn-Glu
Ser-GIn
Ser-Glu
Thr-Ser
Val-Gin
Val-Lys
Gly-Gly-Ala
Gly-Gly-Leu
Gly-Gly-Phe
Gly-Phe-Phe
Leu-Gly-Gly
Phe-Gly-Gly

Tyr-Gly-Gly
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Ala-Gin
Asp-Ala
Asp-GIn
Asp-Gly
Glu-Ala
Gly-Asn
Gly-Asp
lle-Asn
Leu-Asn
Lys-Gly
Lys-Met
GIn-Glu
Phe-Tyr
Ser-Asn
Ser-Glin
Ser-Glu
Thr-Ser
Val-Gin
Val-Phe
Val-Ser
Ala-Ala-Ala
Gly-Gly-Ala
Gly-Gly-Gly
Gly-Gly-lle
Gly-Gly-Leu

Gly-Gly-Phe
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Leu-Gly-Gly

Phe-Gly-Gly

Tyr-Gly-Gly
Osmolyte sources
Ethylene Glycol 805mM
Ethylene Glycol 1610mM
Sodium Phosphate pH 7 20mM

pH pH

pH 5 pH 5

pH 5.5 pH 5.5

pH 6 pH 6

pH 7 pH 7

pH 4.5 + L-Alanine

pH 4.5 + L-Glutamine

pH 4.5 + Glycine

pH 4.5 + L-Histidine

pH 4.5 + L-Lysine

pH 4.5 + L-Phenylalanine
pH 4.5 + L-Proline

pH 4.5 + L-Serine

pH 4.5 + L-Tyrosine

pH 4.5 + L-Valine

pH 4.5 + Hydroxy- L-Proline
pH 4.5 + L-Ornithine

pH 4.5 + B-Hydroxy Glutamate

pH 4.5 + y-Hydroxy Glutamate

pH 4.5 + L-Glutamine

pH 4.5 + Glycine

pH 4.5 + L-Histidine

pH 4.5 + L-Lysine

pH 4.5 + L-Phenylalanine
pH 4.5 + L-Threonine

pH 4.5 + L-Tyrosine

pH 4.5 + L-Valine

pH 4.5 + Hydroxy- L-Proline
pH 4.5 + L-Ornithine

pH 4.5 + L-Homoarginine
pH 4.5 + L-Norleucine

pH 4.5 + B-Hydroxy Glutamate

pH 4.5 + 5-Hydroxy Lysine
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pH 4.5 + 5-Hydroxy Lysine pH 4.5 + 5-Hydroxy Tryptophan
pH 4.5 + 5-Hydroxy Tryptophan pH 4.5 + D, L-Diamino pimelic acid
pH 4.5 + D, L-Diamino pimelic acid pH 4.5 + Trimethyl amine-N-oxide
pH 4.5 + Trimethyl amine-N-oxide

pH 4.5 + Urea

Table 7.2: Summary of additives that inhibit C. neoformans growth.

Red additives are those that affect both H99 and Aaox1.

H99 Aaox1

Carbon Sources

Caproic Acid

Osmolyte sources Osmolyte sources

NaCl 342mM NaCl 1026mM

NaCl 513mM NaCl 1112mM

NaCl 855mM NaCl 1197mM

NaCl 941mM NaCl 1368mM

NaCl 1026mM NaCl 1539mM

NaCl 1112mM NaCl 1710mM

NaCl 1197mM NaCl 1026mM

NaCl 1368mM NaCl 1026mM + L- Carnitine
NaCl 1539mM NaCl 1026mM + Trimethylamine-N-oxide
NaCl 1710mM NaCl 1026mM + Trigonelline
NaCl 1026mM Urea 1169mM

NaCl 1026mM + Betaine Sodium Lactate 979mM

NaCl 1026mM + N-N Dimethyl glycine Sodium Lactate 1068mM

NaCl 1026mM + Sarcosine Sodium Benzoate pH 5.2 20mM
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NaCl 1026mM + Dimethyl sulphonyl propionate
NaCl 1026mM + MOPS

NaCl 1026mM + Choline

NaCl 1026mM + Creatine

NaCl 1026mM + Creatinine

NaCl 1026mM + KCI

NaCl 1026mM + L-proline

NaCl 1026mM + N-Acetyl L-glutamine
NaCl 1026mM + B-Glutamic acid
NaCl 1026mM + Glycerol

NaCl 1026mM + Trehalose

NaCl 1026mM + Trimethylamine-N-oxide
NaCl 1026mM + Trimethylamine

NaCl 1026mM + Octopine

NaCl 1026mM + Trigonelline
Potassium chloride 402mM
Potassium chloride 537mM
Potassium chloride 670mM
Potassium chloride 804mM

Sodium sulfate 350mM

Ethylene glycol 2415mM

Ethylene glycol 3220mM

Sodium formate 249mM

Sodium formate 441mM

Sodium formate 588mM

Sodium formate 882mM

Sodium Benzoate pH 5.2 50mM
Sodium Benzoate pH 5.2 100mM
Sodium Benzoate pH 5.2 200mM
Sodium Nitrite 20mM

Sodium Nitrite 40mM

Sodium Nitrite 60mM

Sodium Nitrite 80mM

Sodium Nitrite 100mM
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Urea 334mM

Urea 501mM

Urea 688mM

Urea 835mM

Urea 1002mM

Urea 1169mM

Sodium Lactate 267mM

Sodium Lactate 445mM

Sodium Lactate 534mM

Sodium Lactate 979mM

Sodium Lactate 1068mM
Sodium Phosphate pH 7 100mM
Sodium Phosphate pH 7 200mM
Sodium Benzoate pH 5.2 20mM
Sodium Benzoate pH 5.2 50mM
Sodium Benzoate pH 5.2 100mM
Sodium Benzoate pH 5.2 200mM
Ammonium sulfate pH8 100mM
Sodium Nitrite 10mM

Sodium Nitrite 20mM

Sodium Nitrite 40mM

Sodium Nitrite 60mM

Sodium Nitrite 80mM

Sodium Nitrite 100mM

pH

pH 4.5 + a-Amino malonate

pH

pH 4.5 + Anthranilic acid
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pH 9.5

pH 10

pH 9.5 + L-Alanine

pH 9.5 + L-Arginine

pH 9.5 + L-Aspartic Acid
pH 9.5 + L-Glutamic Acid
pH 9.5 + L-Glutamine

pH 9.5 + Glycine

pH 9.5 + L-Histidine

pH 9.5 + L-Isoleucine

pH 9.5 + L-Leucine

pH 9.5 + L-Lysine

pH 9.5 + L-Methionine
pH 9.5 + L-Phenylalanine
pH 9.5 + L-Proline

pH 9.5 + L-Serine

pH 9.5 + L-Threonine

pH 9.5 + L-Tryptophan
pH 9.5 + L-Valine

pH 9.5 + Hydroxy- L-Proline
pH 9.5 + L-Ornithine

pH 9.5 + L-Homoarginine
pH 9.5 + L-Homoserine
pH 9.5 + Anthranilic acid
pH 9.5 + L-Norleucine

pH 9.5 + L-Norvaline

pH 4.5 + a-Amino malonate
pH 9.5

pH 10

pH 9.5 + L-Alanine

pH 9.5 + L-Arginine

pH 9.5 + L-Asparagine
pH 9.5 + L-Aspartic Acid
pH 9.5 + L-Glutamic Acid
pH 9.5 + L-Glutamine

pH 9.5 + Glycine

pH 9.5 + L-Histidine

pH 9.5 + L-Isoleucine

pH 9.5 + L-Leucine

pH 9.5 + L-Lysine

pH 9.5 + L-Methionine
pH 9.5 + L-Phenylalanine
pH 9.5 + L-Proline

pH 9.5 + L-Serine

pH 9.5 + L-Tryptophan
pH 9.5 + L-Tyrosine

pH 9.5 + L-Valine

pH 9.5 + Hydroxy- L-Proline
pH 9.5 + L-Ornithine

pH 9.5 + L-Homoarginine
pH 9.5 + L-Homoserine

pH 9.5 + Anthranilic acid
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pH 9.5 + Agmatine

pH 9.5 + Cadaverine
pH 9.5 + Putrescine

pH 9.5 + Histamine

pH 9.5 + Tyramine

pH 9.5 + Tryptamine
pH 9.5 + Trimethyl amine-N-oxide
pH 9.5 + Urea
X-Caprylate
X-a-D-Glucoside
X-B-D-Galactoside
X-a-D-Glucuronide
X-B-D-Glucuronide
X-B-D-Glucosaminide
X-B-D-Galactosaminide

X-SO4

pH 9.5 + L-Norleucine
pH 9.5 + L-Norvaline
pH 9.5 + Agmatine

pH 9.5 + Cadaverine
pH 9.5 + Putrescine

pH 9.5 + Histamine

pH 9.5 + Tryptamine
pH 9.5 + Trimethyl amine-N-oxide
pH 9.5 + Urea
X-Caprylate
X-a-D-Glucoside
X-B-D-Glucoside
X-a-D-Galactoside
X-B-D-Galactoside
X-a-D-Glucuronide
X-B-D-Glucuronide
X-B-D-Glucosaminide
X-B-D-Galactosaminide
X-a-D-Mannoside
X-PO4

X-SO4
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Table 7.3 cLogP values

Determined using ACD/ChemSketch (freeware) 2020 V1.1. xLOGP3 determined using the method

previously defined #°,

Compound cLogP xLogP3
Colletochlorin B 6.89 6.00
Colletochlorin D 4.85 4.14
ISSF31 7.29 6.06
ISSF33 5.25 4.21
ALTOX09%4 - 11.99
ALTOX102 - 9.82
Octyl TPP - 8.0
Decyl TPP - 9.1
Dodecyl TPP - 10.2
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