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V Abstract

The neurodegenerative disorder Amyotrophic lateral Sclerosis (ALS) leads to a progressive
loss of motor neurons controlling voluntary muscles ultimately leading to paralysis and
death usually through respiratory paralysis. Recent findings suggest that metabolic defects
in combination with lower abundance and diversity of the microbial profile in ALS patients
play an important role in the onset and progression of ALS. Dietary compounds are
metabolised by the gut microbiota yielding metabolites altering the metabolic status of the
host influencing host health. In addition, research also suggests that a cell’s response to
metabolic changes can contribute to the toxicity associated with ALS when placed in the
context of mutations in the protein Superoxide dismutase 1 (Sod1) and the regulation of
calcium homeostasis, mediated by Calcineurin. Understanding these interactions may help

in our understanding of familial and sporadic forms of ALS.

In this thesis we used a multi-model approach to investigate how SOD1 mutations interrupt
calcium and energy homeostasis, particularly in the absence of specific metabolites and
vacuolar membrane transporters using S. cerevisiae as a simple ALS model. We further
examined the therapeutic potential of butyrate, a short-chain fatty acid reduced in ALS
patients, which has been linked to gut health, microbial diversity, and histone deacetylase
(HDAC) inhibition. Using C. elegans and human neuroblastoma cell models, we assessed the
effects of butyrate on Sod1™" aggregation, motor function, and neuromuscular junction
integrity. In addition, we investigated the antifungal properties of butyrate against C.
albicans, considering fungal dysbiosis as an emerging factor in ALS pathology.

Our findings show that butyrate supplementation could reduce Sod1™" aggregation, rescue
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motor and neuromuscular defects in C. elegans, and decrease aggregation in human cell,
thereby validating these systems as platforms for testing HDAC inhibitors. We could show
that the mode of action of butyrate is pH-dependent: under acid conditions it interrupts
calcium homeostasis, impairs mitochondrial function, and induces ROS accumulation, whilst
simultaneously exerting anti-fungal activity against C. albicans. Finally, we could show that
the Sod1A%Y mutation alters calcium sensitivity and impairs calcineurin-Crz1 signalling,
exacerbating neurodegenerative processes.

In summary, my work demonstrates how a single mutated protein (Sod124V) can interrupt
multiple, highly conserved cellular systems including vacuolar (lysosomal) function,
autophagy, metabolic signalling, and calcium homeostasis, each of which are implicated in
ALS. Our findings reinforce the concept of ALS as both proteopathy and an endosomal-
lysosomal disorder. Importantly, by linking reduced butyrate levels and gut mycobiome
dysbiosis in ALS patients to cellular dysfunction, this thesis underscores the potential role of

gut-derived factors in ALS pathology.
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1. Introduction

1.1 Amyotrophic Lateral Sclerosis (ALS)

1.1.1 Clinical Phenotypes and Diagnosis

The neurodegenerative disorder Amyotrophic lateral Sclerosis (ALS) leads to a progressive
loss of motor neurons controlling voluntary muscles responsible for eating, speaking,
walking, and breathing, ultimately leading to paralysis and death usually through respiratory
paralysis within a couple of years post diagnosis (Brown and Al-Chalabi, 2017). ALS is also
known as Lou Gehrig Disease and is 100% fatal leading to 30,000 deaths per year in the USA

(http://www.als.org) (Olanow, 1993). There are two types of ALS which are pathologically

indistinguishable from one another: familial ALS (fALS) is caused by mutations in around 40
genes, with mutations in four — C9orf72, SOD1, FUS1 and TARDBP- accounting for the
majority of cases (Nijs and Van Damme, 2024). SOD1 encodes the enzyme superoxide
dismutase 1, which plays a key role in managing oxidative stress and will be explored in
detail later. C9orf72 codes for a protein believed to possess guanine nucleotide exchange
factor activity and is implicated in neuronal autophagy and endosomal trafficking (Manal A
Farg et al., 2014). TARDBP produces TDP-43 (TAR DNA-binding protein 43), a protein
involved in RNA metabolism (King et al., 2014; Ma et al., 2021), while FUS encodes an RNA-
binding protein originally identified in sarcoma (Crozat et al., 1993; Rabbitts et al., 1993).
Loss-of-function mutations in each of these genes contributes to ALS pathogenesis through
distinct but sometimes overlapping molecular pathways (Manal A. Farg et al., 2014; Nijs and
Van Damme, 2024). A polymorphic hexanucleotide repeat “GGGGCC” is contained in

C9orf72 that can be expanded up to many hundreds of repeats (Manal A. Farg et al., 2014).


http://www.als.org/

Although the precise physiological role of C9ORF72 has yet to be fully defined, the gene is
evolutionarily conserved and expressed across multiple tissues, e.g. in the spinal cord,
cerebral cortex, and cerebellum. The mechanisms by which hexanucleotide repeat
expansions in C90RF72 contribute to ALS are also still unknown, however, several
hypotheses have been proposed. These include partial loss of function due to reduced
MRNA processing or splicing, resulting in lower levels of the C90RF72 protein (by as much as
50 %) (Fratta et al., 2012) as well as toxic gain-of-function effects stemming from abnormal
RNA structures or the generation of aggregation-prone dipeptide repeat proteins through
non-canonical translation mechanisms (Ash et al., 2013; Mori et al., 2013; Manal A. Farg et
al., 2014). An additional proposed mechanism in mutant C9orf72-linked ALS involves
disrupted endosomal and autophagic pathways. The expansion of hexanucleotide repeats is
thought to interfere with the normal role of C9ORF72 in intracellular trafficking, particularly
in relation to lysosomal function. Under nutrient-deprived conditions, COORF72 normally
interacts with SMCR8 and relocates to lysosomal membranes, where it plays a key role in
activating the mTORC1 complex. Studies have demonstrated that in the absence of
C90RF72, cells exhibit abnormalities in lysosomal morphology, suggesting that the protein is
essential for maintaining lysosomal homeostasis and proper autophagy signalling (Manal A.
Farg et al., 2014; Amick, Roczniak-Ferguson and Ferguson, 2016).

The FUS gene encodes a multifunctional RNA-binding protein involved in gene regulation
and the cellular response to DNA damage, in part through its interaction with histone
deacetylase 1 (HDAC1). The exact disease mechanism associated with FUS mutations
remains unknown, however, current evidence supports a dual mechanism involving both
loss-of-function and toxic gain-of-function effects. For instance, ALS-associated FUS

mutations can lead to enhanced vulnerability to DNA damage, coupled with impaired



recruitment of HDAC1, pointing to disrupted DNA repair processes as a potential pathogenic
factor (W.-Y. Wang et al., 2013). Furthermore, mutant FUS often mislocalises from the
nucleus to the cytoplasm, forming aggregates that interfere with its normal nuclear
functions (An et al., 2019). Interestingly, some FUS variants implicated in fALS do not form
cytoplasmic inclusions, indicating that nuclear dysfunctions may also contribute to toxicity
through gain-of-function mechanisms (An et al., 2019).

TARDBP encodes TDP-43, a nuclear RNA/DNA-binding protein involved in RNA metabolism
and neuronal gene regulation (Tollervey et al., 2011). In ALS, TDP-43 is frequently
mislocalised to the cytoplasm where it forms insoluble, ubiquitinated aggregates—present
in~ 97 % of ALS and ~ 45 % of frontotemporal dementia (FTLD) cases—highlighting its
central role in disease pathology. While the causative role of these aggregates remains
debated, most ALS-linked mutations occur in the glycine-rich C-terminal region, increasing
aggregation tendency (Johnson et al., 2009). Cytoplasmic accumulation of mutant TDP-43
leads to nuclear depletion, disrupting RNA processing, and also impairs translation through

aberrant interactions with ribosomal complexes (Freibaum et al., 2010; Russo et al., 2017).

The second type of ALS is called sporadic ALS (sALS) which does not possess any obvious
genetically inherited components. However, 90 % of ALS cases are sporadic (Pansarasa et
al., 2018; Kim et al., 2019). Symptoms most often start to develop between the ages 50 and
65 (Logroscino et al., 2008), initially presenting as either weakness in the limbs (spinal
onset) or a difficulty with swallowing or speaking (bulbar onset). Spinal onset is present in ~
70 % of ALS cases and combines upper motor neuron and lower motor neuron degeneration
signs in the limbs. In comparison, bulbar onset presents in ~ 25 - 30 % of ALS cases and is

associated with difficulties in swallowing and speech before degeneration signs in the limbs



become visible (Corcia et al., 2008). At present, treatment and therapy options for ALS
remain limited, with only two drugs, Riluzole and Edaravone, having been approved by the
Food and Drug Administration (FDA). These drugs have limited efficacy, prolonging life of

ALS patients by only a few months (Lacomblez et al., 1996).

1.2 SOD17-associated ALS

The highly evolutionary conserved cytosolic enzyme Sod1 is an abundant antioxidant that
converts superoxide into the less reactive oxygen species hydrogen peroxide (Figure 1).

In eukaryotes, toxic reactive oxygen species (ROS) can cause damage to vital cellular
components ultimately causing cell death. ROS are released into the mitochondrial matrix
and mitochondrial intermembrane space (IMS) by NADH dehydrogenase enzyme and
ubisemiquinone anion as a by-product of the electron transport chain (Sturtz et al., 2001).
Human Sod1 detoxifies superoxide ROS within the intermembrane space of the
mitochondria, as well as the cytosol and peroxisome whilst Sod2 detoxifies ROS in the
mitochondrial matrix (Sturtz et al., 2001; Islinger et al., 2009).

In addition to its well-established role in antioxidative defence, SOD1 is also an important
regulator of redox signalling. The product of SOD1 activity, hydrogen peroxide (H,0,), can
act as a secondary messenger that can modulate signalling pathways through reversible
oxidation of protein cysteine residues (Winterbourn and Metodiewa, 1999; Kwon, 2003;
Bienert, Schjoerring and Jahn, 2006; Banerjee et al., 2007; Giorgio et al., 2007; Block et al.,
2008; Niethammer et al., 2009; Paulsen and Carroll, 2010). This redox-dependent regulation
affects various cellular targets, including kinases and phosphatases, thereby influencing cell

growth, metabolism, and stress responses. Recent findings highlight that SOD1 contributes



to intracellular signalling by maintaining localized H,0, gradients and modulating thiol-
based redox switches, further positioning it as a dynamic player in signal transduction

beyond its canonical detoxification activity (Y. Wang et al., 2018; Eleutherio et al., 2021).
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Figure 1 Reactive Oxygen species generation and detoxification pathways.

Generation of reactive oxygen species are prevented through the action of SODs which coverts superoxide
(O;#7) to hydrogen peroxide (H,0;) which is then further broken down by catalases (CAT), glutathione
peroxidases (GPXs), and peroxiredoxins (PRXs) to water. Through redox reactions with iron hydroxy!
radicals (OH*) can be generated. Oxidative stress is also promoted when nitric oxide (NO+) availability is
decreased through reactions of O,*~ with NOe generating peroxynitrite (ONOO") resulting in the
formation of reactive intermediates like NO,¢, OHe, and CO3*"

Superoxide can also reduce Fe** to Fe?* in iron-sulphur clusters thus disrupting those and forming more
radicals. O, can also transform to the more reactive radical hydroperoxyl (HO;¢).

(Wang et al., 2018). Image from (Wang et al., 2018)

Each Sod1 subunit is made up of a B-barrel core and seven loops held together by a
disulphide bond, a binuclear metal binding site and a network of hydrogen bonds. Pivotal
for the catalysing activity of Sod1 is the copper and zinc ions held together by the metal
binding site (Banci et al., 2002; Arnesano et al., 2004; Estacio et al., 2015; Sea et al., 2015).
Eukaryotic wild type Sod1 usually forms a homodimer which presents a remarkably stable

guaternary structure providing Sod1 with the ability to function under denaturing



conditions and in the reducing environment of the cytosol (Arnesano et al., 2004). Studies of
the human Sod1 showed that this stability may be subject to both the metal occupancy and
the disulphide bonds contained in Sod1, and that pathogenic misfolding may be induced
when Cu/Zn cofactors and the disulphide bonds are disrupted (Hough et al., 2004; Tiwari, Xu
and Hayward, 2005; Nordlund et al., 2009). Multiple misfolded conformations and different

structural variants have been associated with fALS (Prudencio and Borchelt, 2011).

Human and yeast Sod1 proteins are not only similar in structure, but also in their
maturation process. While the human Sod1p comprises 154 amino acids and requires two
cysteine residues for protein stability, yeast Sod1p consists of 153 amino acids and requires
two proline residues in order to bind to Ccs1p — a copper chaperone. There is another SOD
enzyme expressed in both yeast and humans, called Sod2p which resides in the
mitochondria and has a manganese ion in its active site. However, mammals also express a
third SOD1 enzyme, Sod3p which is not expressed in yeast. The extracellular Sod1p has four

subunits and contains copper and zinc ions (Askwith and Kaplan, 1998) (Figure 2 A, B).
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Figure 2 Sequence alignment and structure of human and yeast Cu/Zn superoxide dismutase (SOD1).
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(A) Sequence alignment of human and Saccharomyces cerevisiae SOD1. Protein sequences were obtained
from UniProt (human SOD1, PO0441; S. cerevisiae SOD1, PO0445) and aligned using Clustal Omega. Blue

highlights Cu-binding residues, green highlights Zn-binding residues, and yellow highlights Cys58 and
Cys147, which form the conserved intramolecular disulfide bond. (B) Structure of the SOD1 homodimer,

with familial amyotrophic lateral sclerosis (fALS)-associated mutations highlighted in yellow. The positions
of the copper (Cu) and zinc (Zn) ions are indicated. Panel B adapted from (Berdyriski et al., 2022)



1.2.1 Sod1p and Ccs1p Interaction in S. cerevisiae

Maturation of Sod1p, its proper folding, and thus Sod1p’s correct function is mediated by
the copper chaperone Ccslp (Sturtz et al., 2001). Ccslp is made up of three domains: a
copper-binding motif required for copper binding in copper-scarce cellular conditions (Puig
and Thiele, 2002), the main Sod1p interaction domain which has a strong homology to the
overall structure of Sod1p (Bleackley and MacGillivray, 2011), and the third domain which
contains a CxC motif allowing the transfer of the copper ion to Sod1p.

In S. cerevisiae, Ccs1p-Cu specifically binds to immature Sod1p to donate its copper ion into
Sod1p’s active site (Furukawa, Torres and O’Halloran, 2004). During this interaction, Sod1p
also gets oxidised to generate an intra-molecular disulphide bond within Sod1p. The
incorporation of copper is eventually further stabilised by binding of zinc to Sod1p
(Bleackley and MacGillivray, 2011). Disruption or misfunction of Sod1p and Ccslp
interaction leads to incorrect formation of disulphide bonds resulting in misfolded proteins
being susceptible to aggregation. It can also prevent completing the maturation process of
Sod1p as Ccs1lp may no longer activate Sod1p, thus allowing aggregation of immature Sod1p
which are more prone to oxidative damage (Sturtz et al., 2001).

In general, yeast Sod1p requires the aid of Ccslp in order to be properly activated, whereas
human Sod1p may be activated through other mechanisms (Bastow, Gourlay and Tuite,
2011). Regulation of SOD1 activation might be performed by glutathionylation in yeast and

humans alike (Mannarino et al., 2011; Brasil et al., 2013).



1.2.2 Mutations in SOD-1 associated with fALS and its aggregation
SOD1 was the first gene to be linked to ALS (Rosen et al., 1993). Since its first discovery,
more than 217 mutations causing ALS have been identified. These mutations can be found
in all five axons of the genes and comprise point mutations, truncations, deletions and
substitutions. The ALS online database (ALSod: https://alsod.ac.uk/) provide a list of all ALS-
linked SOD1 variants discovered so far. The most common fALS-linked mutations in SOD1
are D90A, A4V and G93A whereby the A4V mutation is the most frequently found in the US
and the D90A around the world (Gurney et al., 1994).

fALS-linked mutations are classified into two main forms: metal-binding region mutants
(MBR) and WT-like (WTL) mutants. MBR mutants e.g. H48R, H48Q, G85R, D124V, S134N and
C146R show impaired metal binding and a diminished superoxide activity of the enzyme and
impair the full formation of the mature holo-Sod1 increasing the propensity of Sod1
aggregation (Wang et al., 2003; Rodriguez et al., 2005). On the other hand, WTL mutants
have similar metal binding affinities and structures to that of the WT Sod1 and include
mutations like A4V, G37R, D90A, G93A and N139K.

The mutation of Sod1 appears to lead to changes in stability that lead to its aggregation
(Kato et al., 2000; DiDonato et al., 2003; Stathopulos et al., 2003). In its misfolded state,
SOD1 exposes hydrophobic regions that are normally buried within its stable structure,
leading to self-association into soluble oligomers and, eventually, larger insoluble
aggregates. These aggregates may be disordered or take on the more ordered structure of
amyloid fibrils, depending on the conformation of the misfolded monomers. In some cases,
aggregation follows a seeding mechanism, where small fibrils accelerate the accumulation
of additional SOD1 species (Tsekrekou et al., 2024). This aggregation process is cytotoxic

and contributes to multiple pathogenic mechanisms in ALS, including the loss of antioxidant



protection, increased oxidative stress, excitotoxicity, disrupted axonal transport,
mitochondrial dysfunction, and neuroinflammation (Ferraiuolo et al., 2011; Saccon et al.,
2013).

Sod1 aggregation was seen in spinal cord and brain samples from ALS-patients spreading
from cell to cell in a prion-like manner (Minch, O’Brien and Bertolotti, 2011). In studies
using SOD1-ALS mouse models which overexpress WT Sod1 it was found that
overexpression of WT Sod1 inhibited protein aggregation formation of mutant Sod1
isoforms. Interestingly, inhibition of protein aggregation accelerated progression of the
disease. This suggests that soluble misfolded Sod1 mutants are the toxic agent (J. Wang et
al., 2009).

Moreover, it was also observed that WT Sod1 can become oxidised, giving it a
conformational epitope similar to those found in Sod1 mutants and not the unoxidized WT
Sod1 protein (Bosco et al., 2010). Generally, WTL mutations decrease the ability of apo-Sod1
monomers to form dimers and increase the rate of unfolding at physiological temperature
(Broom et al., 2015).

A4V is among the most frequently observed mutation in North America. Patients carrying
this variant typically face a very rapid disease trajectory, often with survival averaging just
over a year post-symptom onset. This severe phenotype is thought to result from extreme
instability and aggregation-prone behaviour of the mutant SOD1 protein (Matamala and
Kiernan, 2017; Huang et al., 2024).

The G37R mutation is linked to a more moderate disease course compared to A4V
(Berdynski et al., 2022). While it still leads to ALS, the progression is comparatively slower

than that observed with the A4V mutation. The G37R variant exhibits a higher stability,
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resulting in a reduced tendency to form toxic aggregates, which may account for the less
aggressive disease phenotype (Prudencio et al., 2009).

D90A is the most prevalent SOD1 mutation in Europe and can be inherited dominantly or
recessively (Parton et al., 2002; Andersen, 2006). Homozygote D90A-associated ALS tends to
have a slower progression, with patients often surviving for extended periods post-diagnosis
(Broom et al., 2006; Luigetti et al., 2009).

The G93A mutation is the most studied SOD1 mutation in rodents. The amino acid change
leads to misfolded and aggregated proteins resulting in toxicity to motor neurons (Synofzik
et al., 2010; Kreilaus et al., 2020).

N139K is rare and less characterized but has been associated with a milder disease
presentation. Individuals with this mutation often show slower progression, suggesting that
this variant might impair SOD1 function without inducing rapid cellular damage (Prudencio

et al., 2009; Berdynski et al., 2022).

1.3 Current Model of ALS-linked pathology

With the help of multiple animal models studying mutations linked to ALS multiple
interconnected mechanisms of toxicity linked to mutant isoforms of Sod1, C90RF72 and
TARDP have been proposed and include mitochondrial dysfunction, protein aggregation and

misfolding, and metabolic dysfunction.

1.3.1 Mitochondrial dysfunction
Mitochondria are essential organelles found in nearly all eukaryotic cells, responsible for

managing crucial cellular processes such as energy generation, calcium buffering, and the
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regulation of cell death. Structurally complex, they respond dynamically to changing energy
demands, for example by increasing their size or number in response to stimuli like physical
activity or hormonal signals. Through processes known as fusion and fission, mitochondria
continuously remodel themselves to maintain efficiency and adapt to cellular needs (Valero,
2014; Magner et al., 2015; Bravo-Sagua et al., 2017). Their key role lies in oxidative
phosphorylation (OXPHOS), a process that produces the cell’s main energy source, ATP,
primarily for energy-intensive organs like the brain and heart (Kausar, Wang and Cui, 2018).
However, as a byproduct of this process, mitochondria also generate reactive oxygen
species (ROS). While ROS play signalling roles at low levels, excessive production can lead to
oxidative stress, a known contributor to neurodegenerative diseases including ALS. Within
the inner mitochondrial membrane, a series of enzyme complexes facilitates electron
transport and proton pumping to generate the electrochemical gradient required for ATP
synthesis. Disruptions in these complexes impair mitochondrial function and energy
metabolism, with long-term consequences including neuronal damage (Kausar, Wang and
Cui, 2018). Furthermore, mitochondria regulate intracellular calcium levels in close interplay
with other organelles, such as the endoplasmic reticulum. This tight regulation is critical for
both mitochondrial performance and cellular homeostasis, highlighting mitochondria’s
central role in health and disease (Rizzuto, Duchen and Pozzan, 2004; Zhao et al., 2022). In
addition, mitochondria are also associated with apoptosis through the control of membrane
permeability via actions of outer-membrane Bcl2 family proteins such as Bcl2, Bax/Bak and
the voltage dependent ion channel, VDAC (Shimizu et al., 1999). Studies have shown that
misfolded ALS-linked Sod1 mutants may associate with the outer mitochondrial membrane
at the cytoplasmic face (Vande Velde et al., 2008), and can interact with Bcl2 in spinal cord

mitochondria inducing a conformational change that exposes the toxic BH3 (Bcl2 homology)
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domain (Pedrini et al., 2010). As mentioned, above, the key roles of mitochondria include

energy metabolism and calcium regulation. Disruption of these may contribute to neuronal

damage (Kausar, Wang and Cui, 2018; Zhao et al., 2022). An overview of the key
mitochondrial functions and the potential consequence of their disruption is shown in

Figure 3.
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Figure 3 Mitochondrial functions and their potential contribution to disease.
Mitochondria are multifunctional organelles that contribute to cellufar homeaostasis through
several interconnected processes. These include (1) reactive oxygen species (ROS) signalling
and detoxification, (2) ATP production through oxidative phosphorylation and the electron
transport chain, (3) regulation of calcium {Ca®*) homeostasis, and dynamic adaptation to
cellular demands through mitochondrial fusion and fission {4). Disruption of these
mitochondrial functions can result in altered ROS signalling and accumulation, impaired ATP
production, disturbed mitochondrial dynamics and Ca®* overload. Red indicates dysfunction,
red 5001 indicates dysfunctional 5001, and -l indicates decrease.
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As touched on above and in Figure 3, mutations in SOD1 result in toxic gain- or loss-of-
function effects that can disturb cellular homeostasis including mitochondrial function
(Brown and Al-Chalabi, 2017). Sod1 aggregates may localise to the outer mitochondrial
membrane in motor neurons (Rakhit et al., 2002; Higgins, Jung and Xu, 2003) and interfere
with mitochondrial respiration, increase ROS production, reduce membrane permeability,
and promote cytochrome c release, leading to mitochondrial damage (Pickles et al., 2013).
Mutant SOD1 can also bind to the voltage-dependent anion channel (VDAC) on the outer
mitochondrial membrane (OMM), impairing adenine nucleotide exchange and further
disrupting energy supply and redox balance (Israelson et al., 2010).

The C90ORF72 gene encodes a protein which is primarily expressed in neurons (Renton et al.,
2011). Mitochondrial dysfunction associated with C9ORF72 mutations includes increased
oxygen consumption, mitochondrial hyperpolarization, elevated ROS production, and
increased ATP levels in mutant fibroblasts (Onesto et al., 2016). Arginine-rich dipeptide
repeat proteins (DPRs), especially poly(GR), could be imported into mitochondria, causing
aggregation and interference with mitochondrial function (Lopez-Gonzalez et al., 2016; Li et
al., 2020). Poly(GR) may alter mitochondrial membrane potential, dysregulate mitochondrial
dynamics via changed DRP1 and OPA1 levels, and impair oxidative phosphorylation by
degrading ATP synthase subunit ATP5A1 (Choi et al., 2019). Moreover, defects in complexes
| and IV of the respiratory chain and elevated ROS were observed in C9ORF72 mutant
models (Dafinca et al., 2016).

The mislocalisation and aggregation of the RNA-binding protein TDP-43 were associated
with mitochondrial abnormalities and oxidative stress in ALS. Animal studies showed that

overexpression of TDP-43 led to neurodegeneration with abnormal mitochondrial
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distribution in motor neurons, including mitochondrial accumulation in cytoplasmic
inclusions and loss from axon terminals (Shan et al., 2010; Xu et al., 2010; Magrané et al.,
2014). It was also shown that TDP-43 ALS mutants could localize to mitochondria affecting
mitochondrial morphology and reducing mitochondrial density and length through
interactions with mitophagy and fusion-related proteins such as prohibitin 2 and MFN2 (W.

Wang et al., 2013; Davis et al., 2018).

1.3.2 Lysosome and autophagy dysfunction in ALS

Lysosomes are also pivotal in protein sorting and degradation, ion storage, autophagy, and
stress responses in the cell. Lysosomal defects are associated with neurodegenerative
diseases involving protein misfolding, like Alzheimer’s disease (Lee et al., 2010; Coffey et al.,
2014; X. Guo et al., 2017), Parkinson’s disease (Perrett, Alexopoulou and Tofaris, 2015;
Moors et al., 2017; Rahman and Rhim, 2017), Huntington’s disease (Pircs et al., 2018; Chen
et al., 2023), and ALS (Chen et al., 2012; Han et al., 2015; Xia et al., 2016; Koh et al., 2019).
Proteostasis is crucial for neuronal health and preventing neurodegenerative diseases. One
of the key cellular mechanisms maintaining proteostasis is autophagy. Autophagy is a
conserved process responsible for the degradation and recycling of cellular components
under stress or during development (Klionsky, 2008). There are several forms of autophagy:
macroautophagy, microautophagy, and chaperone-mediated autophagy. Additionally, there
are also organelle-specific pathways such as mitophagy (mitochondria), granulophagy (RNP
granules), and others ensuring selective degradation of damaged or excess cell components

(Chuaetal., 2022).
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The most studied type is macroautophagy, which involves the formation of double-
membraned vesicles called autophagosomes that enclose cytoplasmic contents (Parzych
and Klionsky, 2014). This process begins at the phagophore assembly site, regulated by key
protein complexes including ULK kinases, ATG13, and FIP200 (Ganley et al., 2009; Jung et al.,
2009; Yang and Klionsky, 2009; Itakura and Mizushima, 2010; Chen and Klionsky, 2011).
Upon nutrient depletion or pharmacological inhibition of mTOR, autophagy is initiated, and
membrane nucleation begins with a PI3K complex including BECN1 and PIK3C3 (ltakura et
al., 2008; Hosokawa et al., 2009; Jung et al., 2009). The membrane then expands with the
help of the ATG12-ATG5-ATG16L1 complex (Geng and Klionsky, 2008; Weidberg, Shvets
and Elazar, 2011). Once formed, autophagosomes fuse with lysosomes to create
autolysosomes, where the internalized material is degraded by lysosomal enzymes
(Yorimitsu and Klionsky, 2005; Mizushima and Komatsu, 2011; Lamb, Yoshimori and Tooze,
2013). In microautophagy, cargo is taken up directly into lysosomes via its membrane,

forming intraluminal vesicles that are later degraded (Li, Li and Bao, 2012).

Studies have shown that survival of motor-neurons could strongly be decreased when
autophagy is impaired, however, deletion of ATG7, which is crucial in inducing autophagy
did not cause ALS-related TDP-43 toxicity in mice (Fulceri et al., 2011; Tashiro et al., 2012a).
The effects of compounds promoting autophagy on survival in various SOD1-ALS models
have been investigated in multiple studies receiving mixed results: the autophagic inducer
trehalose acts independently of mTORC1 signalling improved motor-neuron diseases in ALS
mouse models (X. Zhang et al., 2014). Lithium, which also stimulates autophagy
independently of mTORC1 signalling, also slowed the progression of ALS in humans and

provided protection against motor-neuron diseases in ALS-mouse models (Fornai et al.,
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2008). Studies using the mTORC1-dependent activator of autophagy, rapamycin, found that
motor-neuron loss was increased and reduced survival of Sod1%%* mouse models was
shown. On the other hand, survival in immunodeficient ALS mouse models was increased
(Zhang et al., 2011; Staats et al., 2013). In mammals, autophagy could also be regulated
through lysosomal calcium signalling activating calcineurin which could then
dephosphorylate TFEB which in turn upregulates autophagy (Medina et al., 2015; Tong and

Song, 2015).

In S. cerevisiae, the vacuole shares many functional similarities to the mammalian lysosome.
Interestingly, a link has been found between overexpression of ALS-linked Sod1 and vacuole
dysfunction in S. cerevisiae, such as defects in vacuole acidification and a decrease in
autophagy (Bastow et al., 2016). Constitutive functions of the yeast vacuole include
degradation, storage, buffering, and detoxification. Together with proteasomes, vacuoles
represent one of the two main degradation systems within the yeast cell where hydrolytic
enzymes break down a wide range of proteins (Zubenko, Park and Jones, 1983; Knop et al.,
1993; van den Hazel, Kielland-Brandt and Winther, 1996). A more detailed introduction to

the functions of the vacuole in yeast will be given later in chapter 5.

1.3.3 Calcium regulation in ALS

Another causative factor of ALS to be considered is calcium dysregulation. A prominent
feature of motor neurons compared to other cells is their vulnerability to calcium overload.
This vulnerability is due to the high expression of calcium permeable AMPA receptors
(Williams et al., 1997; Shaw and Eggett, 2000; Van Den Bosch et al., 2000; Guatteo et al.,

2007). In contrast, the endogenous expression of calcium buffering proteins (CaBPs), e.g.
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parvalbumin and calbindin, is low (Alexianu et al., 1994; Palecek, Lips and Keller, 1999;
Jaiswal, 2013). However, EF-hand calcium binding proteins are still present in motor
neurons (Migheli et al., 1999; M.-D. Zhang et al., 2014).

Several studies could detect intracellular calcium overload and a further decrease in
calretinin and parvalbumin in motor neuron axons in ALS patients (Siklés et al., 1996, 1998;
Kruman et al., 1999; Grosskreutz, Van Den Bosch and Keller, 2010; Kawamata and Manfredi,
2010; Hayashi, Amari and Okamoto, 2013).

Another pathological pathway in ALS causing calcium overload is that mutated SOD1 was
found to accumulate in the mitochondrial intermembrane space which impairs normal
mitochondrial function. This is interesting as mitochondria are supposedly crucial in
buffering calcium in motor neurons (Jaarsma et al., 2001; Liu et al., 2004; Jaiswal and Keller,
2009; Lautenschlager et al., 2013). Thus, SOD1 mutations can lead to disturbances in
calcium homeostasis.

In this context, it was also shown that calcium can bind to immature SOD1 increasing its
accumulation (Leal et al., 2013; Estacio et al., 2015). In agreement, overexpression of CaBPs
and AMPA channel antagonists could decrease calcium overload, neurodegeneration, and
abnormal SOD1 accumulation in ALS1 models (Van Damme et al., 2003; Tateno et al., 2004;
Tortarolo et al., 2006; Yin, Tang and Weiss, 2007; Beers et al., 2008; Parone et al., 2013).
Figure 4 depicts calcium signalling in motor neurons and highlights key consequences of

calcium overload.
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Figure 4 Calcium signalling in motor neurons. Influx of calcium into the
motor neuron causes release of neurotransmitters e.qg. Acetylcholine into
the synaptic cleft where it binds to receptors leading to muscle
contraction. Calcium buffering proteins (CaBPs) regulate free
intracellular calcium levels through binding to calcium ions controlling
timing and intensity of calcium signals. Low CaBPs expression and
prolonged increased intracellular calcium impairs mitochondrial,
vacuolar and ER function resulting in excitotoxicity, and muscle atrophy.
Oxidative stress is also triggered by excessive intracellular calcium levels.

Calcineurin (Cn), or protein phosphatase 2B, is a heterodimeric Ser/Thr protein phosphatase
involved in a wide range of cellular signalling pathways and is a major component in calcium

signalling. The highly evolutionary conserved complex consists of a catalytic Aand a
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regulatory B subunit, 58-64 kDa and 19 kDa, respectively. The protein phosphatase activity
of Cn is dependent on both the binding of one calcium ion to the regulatory B subunit and
the binding of one calmodulin molecule causing a confirmatory change thus activating the
complex. The Cn complex remains in an autoinhibitory confirmation where the A and B
subunits are bound to each other in the absence of calcium or calmodulin (Kissinger et al.,
1995). Being highly expressed in the central nervous system (CNS) and playing a major part
in many pathways involving modulation of immune responses and signal transduction in the
nervous system through regulating neuronal excitability, the release of neurotransmitters
and hormones, gene transcription and calcium-dependent apoptosis, Cn activity is thought
to be pivotal in motor neuron diseases (Morioka et al., 1999; Wang et al., 1999; Rusnak and

Mertz, 2000).

Loss of calcium homeostasis may also play a role in mitochondrial dysfunction as it is a key
regulator of mitochondrial function such as ATP synthesis (McCormack and Denton, 1993;
Hansford and Zorov, 1998; Balaban, 2002), and vice versa maintaining calcium homeostasis
is a central role of mitochondria (Gunter et al., 2000, 2004). In higher eukaryotes, calcium
entry across the double membrane and into the mitochondrial matrix is highly regulated
through outer membrane voltage-gated anion channels (VDAC) (Gincel, Zaid and Shoshan-
Barmatz, 2001) and mitochondrial Ca?* uniporters (MCU) (Mishra et al., 2017). The
membrane potential is also crucial in calcium influx and efflux by using the large negative
membrane potential and the Na* gradients to drive calcium efflux via NCLX. This can also be
reversed if the membrane potential dissipated (Carafoli, 1974). The mitochondrial
membrane potential is therefore consumed by both calcium influx and efflux and both rely
on the maintenance of the H* gradient through the respiratory chain (Carafoli, 1974;

Brookes et al., 2004). Under elevated calcium conditions the entire respiratory chain is
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upregulated resulting in enhanced respiration and ATP output (McCormack, Halestrap and
Denton, 1990; Kavanagh, Ainscow and Brand, 2000; Territo et al., 2000). The permeability
transition pore (PT) comprises another mechanism through which calcium exits the
mitochondria (Bernardi and Petronilli, 1996): high calcium levels in the mitochondrial matrix
can activate the PT and acidic pH can inhibit it (Gogvadze et al., 2001; Halestrap and
Brenner, 2003). PT, however, also has a role in cell death as the apoptosis inducing molecule
cytochrome c is released upon its opening albeit the precise mechanism how cytochrome c
is released is not known and it is not always calcium-dependent (Loeffler and Kroemer,
2000; Gogvadze et al., 2001). Furthermore, components of the PT may interact with cell-
death-regulating Bcl proteins (Narita et al., 1998; Shimizu et al., 1999; Tsujimoto and
Shimizu, 2000). Cell death is also marked by loss of membrane potential thus recruiting Bcl
proteins to the mitochondrion (De Giorgi et al., 2002). Another player in calcium
homeostasis is the endoplasmic reticulum (ER). Being a major intracellular calcium store, its
calcium release is highly regulated to ensure cellular signalling (Panda et al., 2021) and
studies have shown that mitochondria locate specifically to calcium releasing sites of the ER
(Mannella et al., 1998). During calcium imbalance the stress response via the ER releases
more calcium which may promote mitochondria fragmentation and apoptosis (Hom et al.,
2010). Studies have also shown that cytochrome c interacts with the ER’s primary calcium
release channel IPsR magnifying ER calcium release (Boehning et al., 2003; Boehning,

Patterson and Snyder, 2004).
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1.4 Calcineurin and ALS

Figure 5 Schematic of the activation of the calcineurin complex and its functions.

ER stress caused by protein misfolding leads to Ca®* release from the ER, activating Cn. Reversible
activation is Ca?*/calmodulin (CaM)-dependent and transient, while irreversible activation results from
calpain-mediated proteolytic cleavage of the C-terminal regulatory region of CNA, including CaM-binding
and autoinhibitory domains, generating a constitutively active catalytic fragment. Hyperactive Cn
dephosphorylates cytoplasmic NFAT (NF-ATc), promoting its nuclear translocation and sustained pro-
apoptotic gene expression. Cn inhibitors {tacrolimus/FK506, cyclosporin A) inhibit this pathway indirectly
through their respective immunophilin complexes: FK506 binds FKBP12, while CsA binds cyclophilin A,
These drug-immunophlilin complexes bind to and inhibit the CNA catalytic subunit, thereby preventing Cn-
mediated NFAT dephosphorylation and reducing downstream apoptotic signalling (Shah et al,, 2017).
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The Cn complex is a heterodimer composed of a catalytic subunit, CNA (~ 60 kDa), and a
smaller regulatory subunit, CNB (~ 19 kDa). CNA contains the phosphatase catalytic domain
as well as the CaM-binding and autoinhibitory domains. CNB is a Ca?*-binding regulatory
subunit containing four EF-hand motifs and contributes to the structural stability and Ca?*-
dependent regulation of the complex. Binding of Ca?* to CNB and Ca?*/CaM to CNA
promotes activation of the phosphatase by relieving autoinhibition of CNA (Connolly et al.,
2018). Pharmacological inhibition of Cn can be achieved using FK506 and cyclosporine A
which will together with immunophilin, such as cyclophilin and FK-binding proteins (FKBPs)
form a drug-immunophilin complex which depresses Cn activity (Salowe and Hermes, 1998)
(Figure 5).

Cn is highly expressed in the CNS and plays a role in many pathways involving modulation of
immune responses and signal transduction by regulating neuronal excitability, the release of
neurotransmitters and hormones, gene transcription and calcium-dependent apoptosis. As
the only Ca?*-dependent phosphatase in neurons, Cn is key to neuronal homeostasis: Its
very high affinity (0.1 - 1 nM) to Ca?* ensures its rapid activation when Ca?* levels rise in the
neuronal cytosol (Klee, Crouch and Krinks, 1979; Hubbard and Klee, 1987). To prevent
further cytosolic Ca?* influx, activated Cn may weaken voltage-gated Ca?* channels and ER-
induced Ca?* release through dephosphorylation of IP3 and RyR (Armstrong, 1989; Zhu and
Yakel, 1997; Burley and Sihra, 2000; Day et al., 2002; Mukherjee and Soto, 2011). Cn also
regulates the transcription factor cAMP-response element binding protein (CREB) in
neurons by dephosphorylation thus switching CREB off and therefore stopping CREB-
dependent gene expression (Bito, Deisseroth and Tsien, 1996; Rusnak and Mertz, 2000;
Shibasaki, Hallin and Uchino, 2002). Cn also regulates the nuclear factor of activated T-cell

(NFAT4) through its dephosphorylation which leads to nuclear translocation of NFAT4
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inducing the expression of neutrophilin and netrin dependent gene expression needed for
axonal outgrowth (Graef et al., 2003; Groth and Mermelstein, 2003). Hyperactivation of Cn,
however, may lead to neuronal apoptosis: Here, high cytosolic Ca?* levels results in
overactivation of Cn which dephosphorylates the pro-apoptotic protein BAD which thus
disassociates from the scaffolding protein 14-3-3 to interact with Bcl-x in the mitochondrial
membrane facilitating apoptosis (Wang et al., 1999; Strasser, O’Connor and Dixit, 2000;
SHOU et al., 2004; Yang et al., 2004). Mouse prion disease models have shown that
normalisation of Cn activity through administration of the Cn inhibitor FK506 could reverse
this apoptotic effect and therefore prevent neuronal loss (Mukherjee et al., 2010).
Moreover, mouse models of several neurodegenerative disorders showed low levels of BAD
in its phosphorylated/scaffolding form (Agostinho et al., 2008; Reese et al., 2008).
Interestingly, inhibition of overactivated Cn in Huntington disease mouse models showed
restoration of neuronal death (Pineda et al., 2009).

Cn activity has been shown to play an important role in motor neuron diseases (Morioka et
al., 1999; Wang et al., 1999; Rusnak and Mertz, 2000). Previous studies using human
neuroblastoma cells expressing fALS-SOD1 and mice models expressing fALS SOD1 showed
that the phosphatase activity of Cn is depressed when mutant SOD1 is present (Ferri et al.,
2002) suggesting that Cn is redox regulated. This is further supported by experiments that
show that wild type SOD1 functions as a protective element for Cn (Wang, Culotta and Klee,
1996), and fALS-SOD1 can directly deactivate Cn (Ferri et al., 2008). The target of such
oxidation of Cn is suggested to be the iron atom at its active site (Namgaladze, Hofer and
Ullrich, 2002). Decreased Cn activity has been reported in ALS patients: a study reported
significantly decreased Cn activity in lymphocytes in 37 sporadic and eight fALS patients with

an increase in protein oxidation which was not found in the control subjects (Ferri et al.,
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2004). Interestingly, a yeast Parkinson’s disease model showed that Cnb1p overexpression

could decrease protein aggregation and a-synuclein toxicity (Chawla et al., 2023).

Calcium regulation and Calcineurin function in S. cerevisiae

In yeast, calcium homeostasis is tightly controlled to regulate cellular processes like cell
growth (K. W. Cunningham and Fink, 1994; Cui, Kaandorp, Ositelu, et al., 2009). Calcium-
mediated signalling in yeast involves responses to alkaline environments (Serrano et al.,
2002) as well as to hypotonic shock via MAP kinase activation (Batiza, Schulz and Masson,
1996). In yeast, the level of free calcium in the cytoplasm is carefully controlled and kept
low (50 — 200 nM) by storing calcium in compartments like the vacuole, ER, Golgi, and
mitochondria (K. W. Cunningham and Fink, 1994; Cui, Kaandorp, Ositelu, et al., 2009; Cyert
and Philpott, 2013). Extracellular calcium mainly enters through the Cch1/Mid1 channel in
the plasma membrane, which is activated by signals like depolarization, hypotonic shock,
pheromones, and the unfolded protein response (lida et al., 1994; Fischer et al., 1997;
Bonilla, 2002).

A key protein in the calcium signalling cascade is Cn. The yeast S. cerevisiae has two
isoforms of the Cn A subunit, namely Cnal encoded by CNA1 and Cmp2 encoded by CMP2.
Cn activity is not lost if either one of them is deleted from the cell, making their functions
redundant (Cyert et al., 1991). However, Cn activity is dysfunctional if both isoforms are
deleted at the same time. The B subunit in yeast is called Cnb1 and is crucial for the
phosphatase activity (Cyert et al., 1991; Liu et al., 1991).

Normal Cn activity is essential for viability and growth in S. cerevisiae when exposed to high

levels of ions, such as Na+, Li+, Mn2+, and OH-, or the a-factor yeast mating pheromone
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suggesting a role in adaptive signalling (Cyert and Thorner, 1992; Mendoza et al., 1994;
Farcasanu et al., 1995; Moser, Geiser and Davis, 1996; Withee, Sen and Cyert, 1998). The
best-known substrate of Cn in yeast is the transcription factor Crz1. Cn dephosphorylates
and activates this transcription factor and thus elicits a cell survival response under stress in
a similar way to Cn-dependent regulation of the mammalian NFATc transcription factors
(Stathopoulos-Gerontides, Guo and Cyert, 1999; Yoshimoto et al., 2002).

Cytosolic calcium levels are low under standard laboratory conditions thus presenting
inactive Cn. However, calcium levels increase under stress conditions, like hyperosmotic
shock, activate Cn in order to elicit an adaptive response. A study showed that the
hyperosmolarity-induced calcium release from the yeast main intracellular calcium store,
the vacuole, is mediated via the vacuolar membrane channel Yvclp. Low cytosolic calcium

levels are restored through the calcium/H+ exchanger Vcx1p (Denis and Cyert, 2002).

When calcium enters the cell, cytosolic calcium levels increase which is sensed by
calmodulin as calcium binds to it (Stull, 2001). The calcium-calmodulin-complex binds to the
phosphatase Cn via its calmodulin-binding-site and its Cnb1 domain causing a
conformational change in Cnb1, exposing the Cnal catalytic site of Cn which can now
interact with calmodulin releasing the autoinhibitory domain of Cn from its substrate-
binding site activating Cn. This triggers dephosphorylation of Cn targets such as Crz1. The
dephosphorylated Crz1 transcription factor (TF) enters the nucleus via the importin Nmd5
(Polizotto and Cyert, 2001) and can now bind to its target promotors through calcineurin-
dependent response element (CDREs) inducing the transcription of genes needed for cell
growth and response to pheromones (K. Cunningham and Fink, 1994; Withee et al., 1997;
Park et al., 2019). Crz1 is phosphorylated and exported out of the nucleus through the

exportin Msn5 (Boustany and Cyert, 2002; Koike et al., 2012; Thewes, 2014).
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Studies have shown that to activate downstream Crz1 targets, the frequency of localising
Crz1 to the nucleus is more important than the TFs abundance (Cai, Dalal and Elowitz,
2008). This frequency was controlled by calcium concentration. However, the nuclear
residence time of Crz1 (about 2 min) was not regulated by calcium concentration (Cai, Dalal

and Elowitz, 2008).

In S. cerevisiae Cn can dephosphorylate Cn targets by recognizing short, degenerate docking
motifs called PxIxIT and LxVP which are different from the dephosphorylation sites. Thus, Cn
can regulate autophagy, cell cycle progression, zinc homeostasis and calcium regulation
independently from Crz1 signalling (Roy and Cyert, 2009; Goldman et al., 2014). Dig2, which
controls pheromone responses and is negatively regulated by Cn, and EIm1, which controls
cell cycle progression, were found to be Cn targets (Goldman et al., 2014; Park et al., 2019)
(Figure 4). Under alkaline stress, Cn can negatively regulate the kinase ElIm1 thus affecting
the activation of the energy-sensing kinase Snfl, ultimately influencing the expression of
stress-responsive genes such as HXT2 and ENA1. So, whilst gene expression via Crz1 is
elicited through Cn, Cn also suppresses EIm1/Snf1 signalling. Thus, cell cycle progression
may be regulated by limiting EIm1 activity during G1 phase allowing slower growth under

stress through Cn (Goldman et al., 2014).

The calcium signal ends when Ca?* is stored in the main calcium reservoir, vacuole, via the
Ca?* pump Pmcl and the Ca%*/H* exchanger Vcx1, which may also help regulate pH. The ER
and Golgi may also act as additional calcium storage sites (K. W. Cunningham and Fink,
1994; Miseta et al., 1999; D’hooge et al., 2015). Recently, a new channel protein Ycx1 -
localised to the ER and Golgi- has been identified to play a crucial role in calcium and Cn

signalling: It was shown that Cn activation was reduced when the gene YDL206W which
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encodes Ycx1 was disrupted leading to reduced calcium accumulation in the cytosol in S.

cerevisiae (G. M. Lee et al., 2023) (Figure 6).
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Figure 6 Schematic of calcium signalling and calcineurin functions in S. cerevisiae.
Increased cytosolic Ca®*, resulting from vacuolar release or extracellular influx
through the Cch1/Mid1 channel complex, activates calmodulin. Ca®*“bound
calmodulin binds the calmodulin-binding domain of the Cn catalytic subunit (Cna),
while Ca®*binding to the regulatory subunit Cnb contributes to Cn activation.
Activated Cn dephosphorylates Crz1, promoting its nuclear translocation and binding
to Cn-dependent response elements (CDREs) in target gene promoters, thereby
inducing stress-response genes. Cn also mediates Crz1-independent responses
through the dephosphorylation of other targets, including Dig2.
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As in mammals, calcium homeostasis has been shown to play a role in cell death. However,
unlike in mammals where a mitochondrial Ca?* uniporter mediates rapid equilibration of
Ca?* across the inner mitochondrial membrane, yeast cells do not possess the uniporter,
which complicates the understanding how calcium homeostasis is linked in yeast apoptosis
compared to mammals (Carafoli and Lehninger, 1971; Carraro and Bernardi, 2016). In yeast,
programmed cell death involves steps like an increase in intracellular calcium levels and the
build-up of ROS (Madeo et al., 1999). These changes play a direct role in cell death induced
by stresses such as oxidative damage (Madeo et al., 1999), acetic acid (Chaves et al., 2021),
pheromones (Severin and Hyman, 2002), ethanol (Kitagaki et al., 2007), and ER (Kajiwara et

al., 2012) or osmotic stress (Huh et al., 2002).

Labile Zinc accumulation due to disturbed Calcineurin-Sod1
interaction

The metalloproteins calcineurin and SOD1 both contain zinc (King and Huang, 1984; Mera-
Adasme et al., 2016; Sirangelo and lannuzzi, 2017). Metal cations and oxidative injury have

been implicated in ALS (Cuajungco and Lees, 1997; Li et al., 2013).

Studies have shown that Cn-SOD1 interactions are necessary for Cn activity, as SOD1
functions as a protection element from oxidative stress (Agbas et al., 2007). Failure of this
interaction may cause increased labile zinc accumulation which may cause motor neuron
death (Tiwari and Hayward, 2005; Kim et al., 2009). Failure of controlling ROS through Sod1
may also lead to Cn regulation dysfunction as superoxide for example can oxidise the

catalytically active Cn Fe?*"Zn?* centre (Namgaladze, Hofer and Ullrich, 2002).
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1.10 The Gut Microbiome

The combination of the entire population of microorganisms, including bacteria, viruses,
protozoa, and fungi together with their genetic material found in the gastrointestinal tract
define the gut microbiome. The gut microbiota also comprises commensals, opportunistic
and dedicated pathogens (Brody, 2020). Some of the main functions of the gut microbiota
is to absorb nutrients and minerals, synthesise amino acids, enzymes and vitamins, and to
create short-chain fatty acids (SCFAs). SCFAs are crucial for the protection and maintenance
of gut health but also serve as an energy supply for epithelial cells. SCFAs such as acetate or
butyrate may modulate the guts immune system and prevent pathogens from breaking
through the epithelial barrier by making it less permeable (den Besten et al., 2013). There
are four phyla which make up the majority of the gut microbiota: Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria. Around 500 to 1000 bacterial species with each having
genomes made up of thousands of genes colonise the human body. This means human
bodies are not only influenced by human genes but also by microbial genes and microbial
metabolic by-products (Thursby and Juge, 2017). A stable gut microbiome is established as
early as birth. It has been shown that the method of delivery has an impact of the
development of the gut microbiota, for example caesarean-born children have microbiomes
mainly consisting of skin microbes such as Staphylococcus ssp. Other factors including breast
feeding and antibiotic use affect microbiome development as well. For example breast
feeding promotes Bifidobacterium colonisation while through food consumption especially
indigestible carbohydrates other phyla like Bacteroidetes and Firmicutes colonise the gut in
infants (Palmer et al., 2007; Fallani et al., 2011; Valles et al., 2014; Tanaka and Nakayama,
2017). Events interfering with the establishment of the gut microbiome e.g. antibiotic use

may result in impaired immune function causing allergies and asthma (Tanaka and

31



Nakayama, 2017). Adulthood is marked by a relatively stable microbiome, however, as
ageing occurs diversity of the microorganisms colonising the gut decreases affecting gut and
immune function. This allows for increased gut permeability causing microbes to pass
through the epithelial layer ultimately resulting in inflammation including
neuroinflammation, chronic inflammation and impaired mitochondrial function (Nagpal et
al., 2018; Conway and A Duggal, 2021). Ageing may be associated with a decrease in SCFAs
produced in the gut, possibly due to change of diet and appetite (Salazar et al., 2019). SCFAs
are a major energy source for the gut epithelial cells and contribute 5 - 10 % of the total
energy required by the human body. Maintaining a low luminal pH, and promoting the
increase of microbial biomass SCFAs play a critical role in mucus production and the
colonising of beneficial bacteria (LeBlanc et al., 2017).

Butyrate is a SCFA that is generated by the gut microbiota. Multiple studies have shown that
butyrate acts as an histone deacetylase inhibitor (HDAC inhibitor) that has multiple health
benefits, for example it has been linked to the prevention of proliferation of colorectal

cancer cells (Donohoe et al., 2014; Pascale et al., 2018; Chen, Zhao and Vitetta, 2019).

1.12 Gut Microbiome and neurodegenerative diseases

The “Gut-Microbiota-Brain” axis describes the crosstalk between the central, the enteric,
the autonomic nervous system and the hypothalamic pituitary adrenal axis. The
bidirectional network sends afferent signals from the autonomic system through enteric
pathways to the central nervous system which in turn then sends efferent signals to the
intestinal wall (Tsigos and Chrousos, 2002; Carabotti et al., 2015). Normal functioning of the

central nervous system could be linked to healthy gut function (Carabotti et al., 2015;
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Daulatzai, 2015), and in turn mental health conditions such as depression and anxiety were
linked to dysbiosis and inflammation of the gut (Daulatzai, 2015; Foster and Zhou, 2015).
Existence of the “Gut-Brain-axis” is supported by studies using germ-free mice which
showed impaired stress response (Sudo et al., 2004; Ait-Belgnaoui et al., 2012) and reduced
anxiety-like behaviour (Heijtz et al., 2011; Neufeld et al., 2011). In addition, it is well known
that the gut releases hormones, neurotransmitters and immunological factors that either
signal to the central nervous system directly or through autonomic neurons (Ma et al.,

2019).

Neurodegenerative diseases such as ALS, Alzheimer’s, Huntington’s, and Parkinson’s disease
are all characterised by aggregation of misfolded and thus malfunctioning proteins which
causes impairment or loss of tissue function and worsens with disease progression (Soto,
2003). No effective treatment or cure could be established so far mostly due to the fact that
the exact aetiology of the diseases still remain unidentified (Duraes, Pinto and Sousa, 2018).
However, links between age, diet, stress, trauma, infections and antibiotics use and the risk
of developing a neurodegenerative protein conformational disease could be established
(Esch et al., 2002; Honjo, Reekum and Verhoeff, 2009; Dominy et al., 2019; Sun et al., 2019;
Mertsalmi, Pekkonen and Scheperjans, 2020; Bianchi, Herrera and Laura, 2021). Factors like
stress, antibiotic use and trauma could also be linked to microbiome changes (Dethlefsen et
al., 2008; Hemmings et al., 2017; Jin et al., 2017), which might highlight the importance of
bacteria and other microorganisms colonising the human body in disease onset. Evidence
exists showing that gut dysbiosis or enteric infection may play a crucial role in
neurodegenerative protein conformational disease (Scheperjans et al., 2015; Gerhardt and

Mohajeri, 2018; Mazzini et al., 2018). Furthermore, butyrate-producing bacteria have been
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shown to be effective in suppressing protein aggregation in C. elegans. This highlights the
importance of microbial metabolites on host health (Walker et al., 2021). In addition,
studies in ALS mouse models have shown that gut integrity and microbial homeostasis is

improved when butyrate is supplemented thus prolonging life span (Zhang et al., 2017).

1.12.1 Amyotrophic Lateral Sclerosis and the gut microbiome

The fatal incurable disease ALS is characterised by a progressive degeneration of motor
neurons. Its aetiology and pathophysiology are mostly unknown. Whilst only 10 - 15 % of
ALS cases are familial cases i.e. ALS is caused through mutations in various genes, the
majority of ALS cases are, however, sporadic (Turner et al., 2017). The current view on ALS
disease development suggests a complex interplay among host factors, microbiome, and
environmental factors with risk factors being smoking, lower body mass index (BMl),
extreme physical exercising, and trauma e.g. through military service that contribute to the
disease development (Wang et al., 2017). The composition of the gut microbiome is
dependent on various factors, such as genetics, gender, age, geographic location, lifestyle,
and diet (Ballan et al., 2020; de Vos et al., 2022). In addition, compounds from the diet are
metabolised by the gut microbiota yielding various metabolites that will interact with cell
receptors and signalling pathways of the host influencing the host’s health. Thus, various
compositions of the gut microbiota will provide different metabolite profiles leading to
different impacts on different signalling pathways, and therefore may contribute to or
impede host health (Ballan et al., 2020; de Vos et al., 2022).

Studies using transgenic ALS mice carrying either SOD1G86R or SOD1G93A showed an

altered metabolic status whereby energy homeostasis was drastically impaired leading to
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hypermetabolism largely of muscular origin. This metabolic phenotype of SOD1G86R mice
as well as later disease onset could be improved when an energy-rich diet was given (Dupuis
et al., 2004). Recently, diet has been shown to be a crucial contributing factor to ALS risk,
onset, and progression: high-calorie fat or sugar-rich diets showed to positively affect ALS
patients to help combat fast weight loss and hypermetabolism seen in ALS patients (Desport
et al., 2001; Bouteloup et al., 2009; Vaisman et al., 2009; Dupuis et al., 2011; Ferri and
Coccurello, 2017; Steyn et al., 2018). In addition, alterations in mitochondrial function,
including fragmentation, and aggregation are a hallmark in ALS patients (Vielhaber, 2000;
Krasnianski et al., 2005; Echaniz-Laguna et al., 2006; Crugnola et al., 2010; Cozzolino and
Carri, 2012).

The antioxidant resveratrol which is found in grapes exerts neuroprotective properties, and
may decrease neurotoxicity of cerebrospinal fluid from ALS patients in vitro contributing to
neuronal health and Ca?* homeostasis (Yafiez et al., 2011).

Probiotics supplementation to ALS patients increased the presence of bacterial groups
related to butyrate and propionate generation which may be beneficial to energy provision
and metabolising neurotoxic compounds (Di Gioia et al., 2020). Previous work conducted by
Zhang et al., 2017 showed delayed disease progression and extended survival time of
SOD1G93A mice upon butyrate supplementation. Furthermore, the gut microbiome was
improved and Paneth cells — the gut’s main immune cells — together with signalling of
lysozyme 1 anti-microbial peptide defensin 5 alpha was restored in these mice mutants
(Zhang et al., 2017). Butyrate treatment also decreased intestinal SOD1G93A aggregation in
mice (Zhang et al., 2017). Most recently, butyrate treatment was found to improve healthy
metabolites in ALS (Ogbu et al., 2022). Longitudinal studies provided evidence that early

microbial changes are linked to autoimmunity (e.g. Clostridium sp.ASF502), inflammation
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(Enterohabdus Muris), and metabolism (Desulfovibrio fairfieldensis) in SOD1G93A mice
(Zhang et al., 2021). Another study showed that nicotinamide delayed disease progression
in the ALS SOD1G93A mice. It was also found that the gut microbiome in these mice
mutants varied to the control mice, and that antibiotic use exacerbated motor
abnormalities (Blacher et al., 2019). Differences in the gut microbiome were also found in
other ALS mouse models carrying the SOD1G93A mutation (Figueroa-Romero et al., 2019).
Human ALS studies could identify that the microbiome of ALS patients is significantly
different to healthy controls: Bacteroidetes Bacteriodales Dorea were substantially higher
than in healthy controls and phyla Firmicutes were significantly higher in healthy controls
compared to ALS patients. Furthermore, species Oscillibacter, Anaerostipes, and
Lachnospiraceae were substantially decreased in ALS patients (Fang et al., 2016). It was
reported (Rowin et al., 2017) that dysbiosis and decreased diversity of the microbiome
compared to healthy controls was present in all ALS patients examined. Furthermore, other
studies investigating the microbiome of ALS patients found that there was a significantly
lower abundance and diversity of the bacterial profile in ALS patients compared to healthy
controls; here higher abundance of E. coli and Enterobacteria combined with lower
abundance of Clostridium and yeast was identified in ALS patients (Mazzini et al., 2018; Di
Gioia et al., 2020).

A recent comparison of the gut microbiota of ALS patients with the patients’ spouses as
healthy controls found that ALS patients were lacking butanoate metabolic pathway
enzymes (Hertzberg et al., 2022). Furthermore, they found that enzymes involved in
metabolic pathways including response regulators and carbon metabolism pathways were
low in ALS patients. Decreased amounts of enzymes involved in butyrate metabolism was

also established.
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1.13 The short chain fatty acid Sodium Butyrate

SCFA are organic acids which are generated through fermentation of dietary carbohydrates
and fibres, starch and some endogenous proteins by bacteria residing in the proximal colon.
Butyrate production via bacterial fermentation of dietary fibres is coordinated through two
metabolic pathways. The first pathway involves phosphorylation of butyryl-CoA generating
butyryl-phosphate which is a substrate for butyrate kinase ultimately producing butyrate.
The second pathway involves the transfer of the CoA moiety of butyryl-CoA onto acetate
through an enzyme called butyryl-CoA: acetate CoA transferase which ultimately results in
the generation of butyrate and acetyl-CoA (Trachsel et al., 2016; Esquivel-Elizondo et al.,
2017) (Figure 7).

In addition to these pathways, fructolysine can contribute to butyrate production through
the lysine pathway: Whilst breaking down dietary protein usually produces toxic waste
products, this pathway allows specialised bacteria e.g. Intestinimonas butyriciproducens to
use unique enzymes to ferment the amino acid lysine directly into butyrate. Interestingly,
Intestinimonas butyriciproducens can switch between the carbohydrate pathway and the
protein-based lysine pathway depending on the diet. Fructolysine is produced when sugars
and proteins fuse together at high heat when cooked, and it is commonly found in modern
Western diets such as in grilled meats, roasted snacks and packaged ready-to-eat meals.
Normally, fructolysine is degraded into toxic Advanced Glycation End-products (AGEs).
Intestinimonas butyriciproducens, however, may feed on both carbohydrate and
fructolysine converting one molecule of this byproduct into three molecules of butyrate.

Essentially fructolysine is taken up by ABC transporters which is phosphorylated into
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fructolysine-6-phosphate by fructolysine kinase which is then cleaved into lysine and
glucose6-phosphate by fructoseamine deglycase. Lysine is subsequently degraded via the
lysine pathway eventually to crotonyl-CoA which is converted to butyryl-CoA and then to

butyrate (Smith and Macfarlane, 1997; Vital, Howe and Tiedje, 2014; Bui et al., 2015) (Figure

7).
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Figure 7 Metabolic routes for butyrate production. (1) The butyrate
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Around 60 - 70 % of the energy requirements of epithelial cells of the colon are provided by

SCFA (Canani, 2011; Brahe, Astrup and Larsen, 2013; P. Fan et al., 2015; Ma et al., 2017).
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SCFAs are crucial for the protection and maintenance of the gut health but also for the
energy supply of epithelial cells. SCFAs such as acetate or butyrate may modulate the gut’s
immune system and prevent pathogens from breaking through the epithelial barrier by
making it less permeable (den Besten et al., 2013).

The most important bacterial groups producing butyrate are Faecalibacterium prausnitzii
and Eubacterium rectale/Roseburia spp. (Quesada-Vazquez et al., 2020).

The SCFA butyrate is the least produced SCFA with only 15 % of total SCFAs in humans (Liu
et al., 2018). Acetate and propionate, however, have an abundance of 60 % and 25 %,
respectively (Slavin, 2013; Conlon and Bird, 2014; Liu et al., 2018). Despite being the least
abundant SCFA, butyrate has crucial roles in colon function of ruminants and other
mammalians: it prevents inflammation in the small intestine (Wachtershauser and Stein,
2000), provides energy of colonocytes (Donohoe et al., 2011), stimulates mucin synthesis by
upregulating the MUC2 expression thus increasing the mucosal defence layer (Willemsen,
2003; HAMER et al., 2007), regulates growth of enterocytes (Hodin et al., 1996;
Wachtershauser et al., 2000; Wachtershauser, Loitsch and Stein, 2000) and cell proliferation
and apoptosis of colon and cancer cells (S. Archer et al., 1998; S. Y. Archer et al., 1998;
Donohoe et al., 2014). A study using germfree mice showed that butyrate could rescue
mitochondria respiration, and prevent autophagy: Here, germ-free mice colonocytes induce
an energy-deprived state and low enzyme expression thereby failing to maintain
metabolism and the TCA cycle and inducing autophagy. Butyrate enters the mitochondria
where B-oxidation takes places producing acetyl-CoA, which then enters the TCA cycle
where NAD" is reduced to NADH. NADH can enter the electron transfer chain (ETC)
ultimately leading to ATP and CO; generation. Thus, butyrate may regulate energy

metabolism and autophagy in the mammalian colon (Donohoe et al., 2011).
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Butyrate may mediate some of its metabolic effects through binding to glucose receptors in
the portal vein thus increasing insulin sensitivity and hence reducing hepatic
gluconeogenesis. Butyrate thus mediates its signalling via gluconeogenesis from the gut
epithelium using the cAMP signalling pathway (Stilling, Dinan and Cryan, 2014; Keenan et
al., 2015).

Butyrate can bind to several G-protein-coupled receptors (GPCRs), such as GPR41 and
GPR43. GPR41 is expressed in adipose tissue, the pancreas, spleen, lymph nodes, bone
marrow, and blood mononuclear cells (Byrne et al., 2015). Through binding of butyrate to
GPR41 body energy expenditure and the maintenance of metabolic homeostasis is directly
controlled by sympathetic nervous system activity (Kimura et al., 2011). Upon butyrate
binding to GPR41 the production of intracellular cAMP is reduced mediating intracellular
stress response in mammary epithelial cells (Le Poul et al., 2003; Yonezawa, Kobayashi and
Obara, 2007). It was also observed that butyrate can activate the entire cAMP-PKA-CREB
pathway in the human cell line Caco-2 independently of GPR41 or GPR43 (Hilgers, Conradi
and Burton, 1990; Wang et al., 2012). In the cAMP-PKA-CREB pathway, intracellular cAMP
activates PKA which then translocates into the nucleus to phosphorylate CREB at serine 133.
Phosphorylated CREB may then recruit its coactivator CREB-binding protein (CREBP).
Transcriptional activation may then be initiated through association with RNA polymerase |l
via CREBP (Altarejos and Montminy, 2011). Butyrate may phosphorylate CREB at serine 133,
activate PKA and elevate cAMP concentrations in Caco-2 cells (Wang et al., 2012). However,
these effects of butyrate may not be mediated through GPCR but may be mediated by
direct or indirect activation of soluble adenylate cyclase (AC) to increase cAMP (Wang et al.,

2012).
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GPR109A is another GPCR that is directly activated by butyrate and mediates signalling in
the inflammasome pathway in colonic macrophages and dendritic cells. Thus, controlling
differentiation of regulatory T-cells and IL-10-producing T-cells (Singh et al., 2014). Another
study has shown that butyrate may increase intracellular free cytosolic Ca?* via binding to
GPR41 suggesting butyrate a metabolic intermedate (Miletta et al., 2014).

HDAC is the enzyme responsible for catalysing the removal of acetate from modified lysine
residues at the N-terminal region of histones H2A, H2B, H3 and H4 which form a histone
octamer core where 146bp of DNA is wrapped around (Luger et al., 1997). Preventing the
removal of acetyl groups from lysine residues on histone and non-histone proteins leaves
the DNA more tightly bound (compaction of chromatin) as the lysine residues retain their
positive charge thus preventing gene transcription (Davie, 2003). However, this affects only
the expression of about 2 % of mammalian genes (Davie, 2003) and the precise mechanism

remains unclear.

The antimicrobial properties of Butyrate

Butyrate has also been reported to show an antimicrobial activity against fungi, yeast, and
bacteria at high concentrations. It has been supposed that toxicity is caused by the
production of secondary metabolites through inhibiting histone deacetylases (Beau et al.,
2012; Zutz et al., 2013, 2014) or by destabilisation of the intracellular pH level due to its
chemical nature as weak organic acid (Browning et al., 2006). Recent studies (Zutz et al.,
2017) showed that butyrate at concentrations ranging from high 3 - 30 mM significantly
reduced fungal biomass in Penicillium restrictum. However, treatment of Penicillium

restrictum with 0.03 mM of butyrate had the highest antimicrobial activity. It was
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furthermore shown that intracellular levels of adenine and its derivatives were significantly
increased upon butyrate treatment (Zutz et al., 2017). Other studies have also shown that
butyrate supresses fungal growth of C. albicans, Trichosporon and C. neoformans and their
virulence (Nguyen et al., 2011; Cordeiro et al., 2019). It was also shown that butyrate
prevents biofilm formation of C. albicans, C. parapsilosis, and C. neoformans in a dose-
dependent manner and make those species more susceptible to treatment with the

antifungal fluconazole (Nguyen et al., 2011).

1.5 Models of ALS

Since SOD1-associated ALS was discovered in 1993 (Rosen et al., 1993), numerous models
have been used to elicit more understanding of the complexity of the disease and the
factors that influence ALS especially how mutations linked to ALS affect cell and whole
animal function. Various animal models also provide a platform to perform pre-clinical tests
and small molecule screens (Bonifacino et al., 2021). Below we focus on ALS models in

Saccharomyces cerevisiae, SH-SY5Y human neuroblastoma cells, and C. elegans.

1.5.1 Saccharomyces cerevisiae as a model organism for motor
neuron diseases

Saccharomyces cerevisiae is a single-celled budding yeast that has been used as the primary
model organism in the discovery of molecular signalling pathways (Botstein and Fink, 2011).
Due to its easy genetic manipulation, rapid growth and a vast amount of resources and
molecular tools (Mohammadi et al., 2015), S. cerevisiae has not only elucidated our

understanding in human disorders, such as cancer (Pereira, Coutinho, et al., 2012;
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Guaragnella et al., 2014) and neurodegenerative disorders (Pereira, Bessa, et al., 2012;
Tenreiro et al., 2013), but also in ageing research (Bonawitz et al., 2007). In 1996, its
genome was the first eukaryotic genome to be sequenced (Goffeau et al., 1996) revealing
strong conservation between humans and yeast in key functional pathways regulating cell
cycle (Liu et al., 2015) and metabolism (Petranovic et al., 2010) e.g. mitogen-activated
protein-kinase (MAPK) (Madrid et al., 2016). Dysfunction or mis-regulation in any of these
pathways are associated with many diseases in humans (Foury, 1997).

As mentioned above, many signalling pathways and molecular mechanisms, such as protein
trafficking defects, mitochondrial dysfunction and transcriptional dysregulation, are highly
conserved between yeast and humans. This is why yeast can be utilised to study
fundamental molecular events underlying neurodegenerative disorders (Gitler, 2008).
Moreover, genes, such as the SOD1 gene involved in ALS can be successfully studied using

yeast (Bastow et al., 2016).

1.5.2 SH-SY5Y human neuroblastoma cells as a model for
neurodegenerative diseases

The in vitro model cell line SH-SY5Y is a common neuronal model used in neuroscience
research to investigate nervous system disorders on molecular and cellular basis (Hoffmann
et al., 2023). SH-SY5Y is a subline of the neuroblastoma cell line SK-N-SH that was derived
from a 4-year-old female patient. SH-SY5Y is commonly used to help model neurological
disorders such as Alzheimer’s disease, Parkinson’s disease, and ALS (Xicoy, Wieringa and
Martens, 2017; Hoffmann et al., 2023). Unlike primary rodent cell cultures, the SH-SY5Y cell

line expresses human-specific proteins (Kovalevich and Langford, 2013). However, being a
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cancer cell line SH-SY5Y has also limitations in modelling actual neurons (Xicoy, Wieringa

and Martens, 2017; Hoffmann et al., 2023).

1.5.3 C. elegans and its lifecycle

Caenorhabditis elegans or C. elegans is a eukaryotic multicellular organism possessing
homologs of about two-thirds of all human disease genes. Its genome is completely
sequenced making it an invaluable tool for experimental research at both metabolic and
genomic levels covering research areas ranging from ageing and age-related diseases to
drug screening. The ease of genetic manipulation and short lifespan of C. elegans also make
this organism attractive when modelling human disorders (Brenner, 1974; Moreno-Arriola
etal., 2014).

The harmless nematode feeds on microorganisms such as E. coli and is easy to maintain in
laboratory settings. When cultured at 20 °C the around 1 mm long adults which are self-
fertilising hermaphrodites exhibit a 2.5 to 4 day reproductive cycle and possess a mean
lifespan of about 18 to 20 days (Hertweck, 2003; Schaffitzel and Hertweck, 2006; Golden,
2007; Chew et al., 2017). Although being self-fertilising hermaphrodites male C. elegans can
be found albeit less commonly in nature (Devaney, 2006).

Under normal conditions C. elegans can develop into four larval stages (L1-L4). After 12
hours L1 larva hatch from the eggs and develop into L2 larva which lasts around 7 hours.
During this L2 stage germ cell divisions proceeds, and the elongation of the gonad starts.
Within the next 16 hours, gonadogenesis and vulval and uterine development are
completed, allowing L4 stage larva to develop into adults (Brenner, 1974; Hall, D., Herndon,

L. and Altun, 2017). However, under extreme conditions, development can be arrested after
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the L2 larval stage, and the organism proceeds with the so called dauer larval stage. Once
conditions become more favourable again, the dauer stage C. elegans may recover by
moulting into the L4 larval stage thus proceeding normal development (Chen, Scarcelli and

Legouis, 2017) (Figure 6).

Developing
Q ——_embryo (14h)

-

L1 larva
(~12 h)

= el __h—__\_——\-\-‘-:"‘-_h-.
_H""“—H_ __,---""'F__
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Dauer larva - L2d larva
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Figure 6 The life-cycle of the nematode C. elegans.

Under normal conditions, C. elegans develop through four larval stages (L1-L4). After hatching, L1 larvae
develop into L2 larvae, where germ cell divisions and gonad elongation occur. Over the next 16 hours,
gonadogenesis and vulval development complete, allowing progression to the L4 stage and adulthood.
Under adverse conditions, development can arrest at the L2 stage, initiating the dauer larval stage. Upon
favorable conditions, dauer larvae can recover and resume normal development by moulting into the L4
stage.

Image from {Strange, 2003).

C. elegans as a model organism in neurodegenerative diseases
The C. elegans nervous system is composed of 302 neurons whose signalling is controlled by
nearly all neurotransmitters used in the mammalian neuron system (Kuwahara et al., 2008;

Therrien and Parker, 2014). Their easy genetic manipulation through for example RNA
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interference (RNAi) makes them an attractive model organism. Here, double stranded RNA
expressed in bacteria is exploited by regulating and silencing gene expression in worms via
feeding the worms with said transformed bacteria. Another advantage is their transparent
body enabling in vivo visualisation of neurons (Li, Huang and Le, 2013).

Motor neuron diseases such as ALS can also be nicely simulated using C. elegans. Multiple
groups have been able to express mutant human Sod1p in C. elegans thus simulating the
degeneration of neurons and paralysis two of the hallmarks of ALS (Gidalevitz et al., 2009;
Jiou Wang et al., 2009; Li et al., 2014). Recent findings (Li, Huang and Le, 2013) support that
expression of mutant SOD1 leads to protein aggregation indicating a major role in the
progression of ALS. When mutant SOD1 was expressed in C. elegans motor neurons it was
also found that more than 80 % of the transgenic worms were paralysed by day 12 of their
study (Li, Huang and Le, 2013). Other studies showed that mutant SOD1 expression caused a
dysfunctional response mechanism during oxidative stress (Oeda, 2001). In addition,
expressing mutant SOD1 in the entire nervous system leads to impaired neuronal
transmission and motor defects (Jiou Wang et al., 2009). However, it has been reported
(Gidalevitz et al., 2009) that mutant SOD1 aggregates could form in other parts of the body
in C. elegans as well when SOD1 mutants were expressed in body wall muscles in C. elegans.

However, the majority of times protein aggregation takes place in motor neurons.

Aims
The aims of this thesis is to investigate how metabolic dysfunction contributes to impaired
cellular health, homeostasis, and viability in the context of amyotrophic lateral sclerosis

(ALS) pathology. Using Saccharomyces cerevisiae, Caenorhabditis elegans, and human
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neuroblastoma cells as complementary model systems, this thesis aims to: (1) determine
whether the microbial metabolite butyrate can influence mutant Sod1 aggregation and
associated cellular phenotypes; (2) investigate the contribution of mycobiome dysbiosis to
ALS pathology and determine whether butyrate can modulate the effects of fungal
dysbiosis; and (3) elucidate how the ALS-associated Sod1**Vmutation alters cellular
metabolic processes, with particular emphasis on vacuolar function and calcium
homeostasis. Together, these aims seek to provide insight into the relationship between
metabolic dysfunction and cellular pathology in ALS and to identify metabolic pathways that

may contribute to disease progression.
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Chapter 2 - Butyrate can ameliorate Sod1 aggregation

and restore motility in a C. elegans ALS model system

Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized
by motor neuron loss and protein aggregation, commonly driven by mutations in superoxide
dismutase 1, Sod1. Recent evidence implicates gut microbiota-derived metabolites, such as
butyrate, in modulating neurodegeneration, but the underlying mechanisms remain

unclear. Here, we demonstrate that sodium butyrate (NaB), a histone deacetylase inhibitor
and microbial metabolite, ameliorates ALS-related phenotypes in C. elegans and mammalian
cell models expressing mutant isoforms of Sod1 linked to ALS. NaB treatment prevented
Sod1 aggregation and restored motor function and axonal integrity in transgenic worms
overexpressing Sod1%8R, Mechanistically, NaB recapitulated the effects of the pan-HDAC
inhibitor Trichostatin A, suggesting HDAC inhibition as key to a reduction in Sod1
aggregation and its downstream effects. Application of NaB or the HDAC inhibitor Valproic
Acid, also prevented aggregation of Sod1%V, Sod1%8°R or Sod1%3"R in transfected human
neuroblastoma cells. These findings support a conserved neuroprotective role for NaB and
HDAC inhibitors via their anti-aggregation activity. Our findings also verify C. elegans and
neuroblastoma cell lines as excellent research tools to explore the mechanism of NaB and

HDAC inhibitors anti-aggregation action and their potential for future therapy development.
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2.1 Introduction

The neurodegenerative disorder Amyotrophic lateral Sclerosis (ALS) leads to a progressive
loss of motor neurons controlling voluntary muscles responsible for eating, speaking,
walking, and breathing, ultimately leading to paralysis and death usually through respiratory
paralysis within a couple of years post diagnosis (Brown and Al-Chalabi, 2017). ALS is also
known as Lou Gehrig Disease and is 100 % fatal leading to 30,000 deaths per year in the USA

(http://www.als.org) (Olanow, 1993; Mehta et al., 2023). There are two types of ALS which

are pathologically indistinguishable from one another: familial ALS (fALS) is caused by
mutations in various proteins, and sporadic ALS (sALS) which does not possess any obvious
genetically inherited components. However, 90 % of ALS cases are sporadic (Pansarasa et
al., 2018; Kim et al., 2019). Whilst the aetiology and pathophysiology of ALS are well
documented, it has recently been demonstrated that the gut microbiota may play a

substantial role in the progression of the disease (Wang et al., 2017).

The gut microbiota functions to absorb nutrients and minerals, synthesise amino acids,
enzymes and vitamins, and to create short-chain fatty acids (SCFAs). As such it has a
profound influence on human health and has been linked to a wide range of disease
pathologies (Thursby and Juge, 2017). Variation in gut microbiota composition and activity
may result in different metabolite profiles with a direct impact upon cell signalling
pathways, and downstream effects that may contribute to or impede host health (Ballan et
al., 2020; de Vos et al., 2022). Differences in gut microbiome were found in ALS mice trials
carrying the SOD1%%3* mutation (Figueroa-Romero et al., 2019). Human ALS studies also
identified that the microbiome of ALS patients is significantly different to healthy controls:

Bacteroidetes Bacteriodales Dorea were substantially higher than in healthy controls and
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phyla Firmicutes were significantly higher in healthy controls compared to ALS patients.
Furthermore, Oscillibacter, Anaerostipes, and Lachnospiraceae were substantially decreased
in ALS patients (Fang et al., 2016). It has been reported that dysbiosis and decreased
diversity of the microbiome was present in ALS patients when compared to healthy controls

(Rowin et al., 2017).

Such findings have led to attempts to treat ALS with dietary interventions that might redress
the dysbiosis, such as via probiotic supplementation containing lactic acid bacteria e.g.
Streptococcus thermophilus, Lactobacillus fermentum, Lactobacillus delbrueckii,
Lactobacillus plantarum, and Lactobacillus salivarius. Whilst a 6-month probiotic treatment
did alter the gut microbiota composition, it did not restore biodiversity to levels seen in
healthy controls or affect disease progression, as measured by the ALS functional rating

scale (Di Gioia et al., 2020).

SCFAs are a major energy source for gut epithelial cells and contribute 5 - 10 % of the total
energy required by the human body (Donohoe et al., 2011; Riviére et al., 2016; Parada
Venegas et al., 2019). SCFAs help to maintain a low luminal pH, and promote an increase of
microbial biomass as well as playing a critical role in mucus production and the colonising of
beneficial bacteria (LeBlanc et al., 2017). Gut bacteria degrade non-digestible
polysaccharides e.g. dietary fibres to produce SCFAs (Fusco et al., 2023). The SCFA butyrate
is generated by the gut microbiota and has shown to have clinical benefit, for example it is
known to be beneficial in targeted cancer treatment (Donohoe et al., 2014), for example
butyrate can inhibit histone deacetylase —an enzyme whose activity that has been linked to

the proliferation of colorectal cancer cells (Donohoe et al., 2014; Pascale et al., 2018; Chen,
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Zhao and Vitetta, 2019). Fifteen bacterial species, including the butyrate-producing bacteria
Roseburia intestinalis and Eubacterium rectale have been reported to be significantly lower
in ALS patients when compared to healthy controls (Niccolai et al., 2021; Hertzberg et al.,
2022). Furthermore, ALS patients display a reduction in the activity of enzymes involved in
butyrate metabolism (Hertzberg et al., 2022). These data suggest that decreased butyrate
production may play a key role in ALS pathology. Evidence to suggest this has been
generated in a mouse model, with butyrate treatment leading to an improvement in motor
function in the Sod1%%3A ALS model system (Zhang et al., 2021). It is believed that one mode
of action of butyrate is through HDAC inhibition (Candido, 1978; Vidali et al., 1978; Donohoe
et al., 2014; Pascale et al., 2018; Chen, Zhao and Vitetta, 2019). Other HDAC inhibitors such
as Valproic acid (VPA) and Trichostatin A (TSA) have been considered as potential ALS
treatments (Yoo and Ko, 2011) whereby VPA has been tested in clinical trials (Piepers et al.,
2009; Boll et al., 2022) and TSA in more lab-based studies (Yoo and Ko, 2011; Bennett et al.,

2021; Klingl, Pakravan and Van Den Bosch, 2021).

In this study we aimed to investigate the effect of butyrate supplementation on Sod1™mut
aggregation clearance and motor defects in transgenic Sod1™" C. elegans models and in
Sod1™“ transfected neuroblastoma cells. Here, we found that butyrate supplementation
could ameliorate motor and neuromuscular junction defects observed in transgenic Sod1™t
C. elegans and could also decrease Sod1 aggregation in both models. These findings
demonstrate that C. elegans and cell-based models may be employed to determine how
butyrate and other clinically used HDAC inhibitors function to limit Sod1 aggregation,

providing a platform for pre-clinical evaluation.
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2.2 Materials and Methods

2.2.1 C. elegans Strains and maintenance

For C. elegans culture and maintenance, the uracil auxotroph E. coli strain OP50 was used.
The N2 strain of C. elegans was used as a wild type strain control. The transgenic C. elegans
strains express the human wild type SOD1 protein and the SOD1%8°f mutant protein in an
integrated manner and both transgenes are C-terminally fused to YFP. A pan-neuronal
promotor was used to express the proteins in the 302 neurons of a C. elegans
hermaphrodite. Both strains were created by Prof. Jiou Wang (John Hopkins Bloomberg
School of Public Health). The strains are Psnb-1::hSOD1-YFP and Psnb-1::hSOD1G85R-YFP
and were a kind gift from the lab of Professor Alan Morgan (University of Liverpool) (Jiou

Wang et al., 2009).

The worms were maintained on standard NGM (0.3 % w/v NaCl, 0.25 % w/v bactopeptone,
1.7 % w/v granulated agar, 2.5 % v/v KH2PO4 (pH6), 0.1 % v/v MgS04 (1M), 0.1 % v/v CaCl2
(1 M), 0.1 % v/v cholesterol (5 mg/ml dissolved in ethanol)) containing 200 pl E.coli OP50 at
20 °C. Standard NGM agar plates were supplemented with the following additives after
autoclaving, 0.5 mM Aldicarb (Sigma-Aldrich), 100 mM Sodium Butyrate NaB (Sigma-
Aldrich), 150 pg/ml Trichostatin A (TSA) (Cayman Chemical).

For synchronisation procedures, plates containing plenty of eggs and gravid adult worms
were washed with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl;, 1 ml 1 M MgS04, dH20
to 1L) to obtain all worms in a centrifuge tube. Worm pellets were exposed to a 1:1 bleach
4 M NaOH for 5-6 min until the mothers have almost completely disintegrated. The bleach

was immediately quenched by making the solution up to 15 ml with M9 buffer. To complete
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this wash step the tube was centrifuged at 3000 rpm for 1 min. The wash step was repeated
twice and around 200 pl of the re-suspended M9/egg solution was pipetted onto fresh NGM

OP50 plates or supplemented NGM OP50 plates.

2.2.1.1 Synaptic transmission assay using aldicarb

NGM plates containing 0.5 mM aldicarb were prepared one day before use and stored at 4
°C. 30-40 L4 stage larvae of strains of interest were picked using a sterile platinum wire and
transferred onto fresh NGM plates seeded with OP50 E. coli with or without supplements
(100 mM NaB or 150 pg/ml Trichostatin A) but not aldicarb. The worms were then
incubated at 20 °C for 24 h. Copper rings were then dipped into 70 % ethanol and flamed for
a few seconds before placing them onto the 0.5 mM aldicarb containing NGM plate. This
will corral worms inside the rings allowing for several genotypes to be assayed on the same
plate. 10 ul of OP50 E. coli were pipetted into the centre of the ring to keep the worms in
this area. 20 day 1 adults of each genotype were transferred to the centre of each ring. The
worm transfer was staggered every 3 min so that all 3 phenotypes could be examined within
an interval of 10 min. Worms were counted as paralysed and removed from the plate when
they failed to move their head even if touch was applied. A Two-Way repeated measures
ANOVA applying the Geisser-Greenhouse correction and using a Tukey’s post hoc multiple

comparison test was used to measure statistical significance.
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2.2.1.2 Thrashing assay

Using bleach, worms were age synchronised and time points day 1, 2, 6, and 7 were used to
perform this experiment. At each time point 15 worms were tested individually. 200 ul of
M9 buffer were pipetted into each well of a 96 well plate. One worm at a time was picked
and transferred onto an unseeded plate to remove any OP50 attached to the worm. The
worm was then placed into one of the wells and left to settle for 1 min before counting its
body bends for 30 seconds. A thrash was characterised when the worm moved its head and
tail towards each other. A One-Way repeated measures ANOVA (RM-ANOVA) applying the
Geisser-Greenhouse correction and using a Tukey’s post hoc multiple comparison test was

used to measure statistical significance.

2.2.1.3 Confocal Microscopy of C. elegans

C. elegans were grown on either standard NGM OP50 plates or NGM OP50 supplemented
with 100 mM of NaB or 150 pg/ml Trichostatin A (TSA). Worms were picked and
immobilised using 0.2 % tricaine combined with 0.02 % levamisole in M9 buffer. The
anaesthetized worms were then transferred onto an agarose pad on a glass slide. A
coverslip was then placed on top of the worms leaving two small gaps along the sides to
allow for gas exchange. The slides were viewed under a Zeiss LSM880/Elyra/Axio
Observer.Z1 Confocal Microscope (Carl Zeiss Inc.) using the 488 nm argon and the 561 nm
DP55 lasers and 60x objective. The image acquisition software used was ZENBlack (Carl Zeiss
Inc.) and the image processing software was ZENBlue (Carl Zeiss Inc.). Z-stacks were taken
allowing for collection of multiple images across the entire thickness of the worm. Those

images can then either be viewed separately or stitched together into a 3D image.

56



To analyse the measurement of mean fluorescence intensity (MFI) in a region of interest Fiji
(Fiji is just ImagelJ) was used. Here, focus was laid on the head section of the worms. The

control and treated samples were acquired using the same acquisition parameters.

For each worm, a fixed-size square region of interest (ROI) was positioned over the head
region and the mean fluorescence intensity was recorded. A second ROI of the same
dimensions was used to measure background fluorescence in a nearby region without
detectable YFP signal. The background MFI was subtracted from the MFI measured in the
head ROI to obtain the background-corrected MFI. The same ROI dimensions were used

throughout the analysis to ensure consistency between measurements.

2.2.2 Tissue culture: SH-SY5Y neuroblastoma cell line

2.2.2.1 Maintenance of SH-SY5Y

The human neuroblastoma cell line SH-SY5Y was derived from ATCC (Manassas, US) and
maintained in Iscove’s Modified Dulbecco’s (IMDM; Fisher Scientific, UK) supplemented with
10 % (v/v) foetal bovine serum (FBS; Sigma-Aldrich, Germany), 100 IU/ml penicillin, and 100
ug/ml of streptomycin (Life Technologies, UK; cell culture medium), at 37 °C in a humidified
5 % CO; incubator. 70 - 80 % confluent cultures were washed with phosphate-buffered-
saline (PBS), detached with 0.05 % w/v aqueous trypsin-EDTA solution (Sigma-Aldrich,
Germany), and reseeded at an appropriate ratio into a new flask. To prevent genetic
deviation, cell populations were passaged continuously for no longer than five months.
Fresh stocks were made from a subpopulation of each cell line from the earliest passage

possible.
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2.2.2.2 Cell viability assay

Cell viability was measured by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) MTT assay modified after Mosmann (Mosmann, 1983) as previously described
(Onafuye et al., 2019). Here, the yellow tetrazole 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Universal Biologicals UK) is metabolically reduced to
purple formazan only in living cells (Mosmann, 1983). 5000 cells /well suspended in 200 pl
of cell culture medium were plated in 96-well plates and incubated in the presence of the
indicated drug concentrations. The 96-well plates were then incubated at 37 °C for five days
or until the max wells had a confluency of 80 %. Then, 25 ul of MTT reagent (2 mg/ml MTT
(w/v) in PBS) was added and cells were incubated for 4 hours. Subsequently, the cells were
lysed using 200 ul of sodium dodecylsulfate (SDS, Fisher Scientific) buffer (20 % (w/v) SDS in
50 % (v/v) N, N-dimethylformamide, pH adjusted to 4.7 at 37 °C) and incubated overnight.
Absorbance was read at 600 nm wavelength in a Victor X4 Multilabel Plate reader

(PerkinElmerLife Sciences, USA).

2.2.2.3 Preparation of total cell lysates and immunoblotting

Cells were grown to a confluency of 70 % in TF25 flasks. The cells were washed with ice cold
PBS twice after the culture medium was removed and exposed to 100 pl of lysis buffer (50
mM HEPES pH7.4, 250 mM NacCly, 0.1 % NP40, 1 mM DTT, 1 mM EDTA, 1 mM NAF, 10 mM B
Glycerophosphate, 0.1 mM sodium orthovanadate and Complete™ protease inhibitor

cocktail (Roche, Switzerland)). The cells were scraped into cold microcentrifuge tubes and
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incubated on ice for 30 min before centrifugation at 13,000 rpm for 10 min at 4 °C to
remove insoluble material. The lysate was then transferred to a sterile microcentrifugation
tube and kept on ice or frozen on dry ice and stored at - 80 °C. Protein concentrations were
determined by sodium salt Bicinchoninic acid (BCA) method. 30 pug/well of proteins were
separated on 4 - 12 % SDS-polyacrylamide gels and transferred to PVDF membranes
(Thermo Fisher). The PVDF membranes were placed in blocking solution (5 % w/v dried
skimmed milk (Oxoid) and PBS (Phosphate Buffered Saline)) for 45 mins with rotation at
room temperature followed by incubating in blocking solution containing the rabbit
polyclonal Histone H4 (Acetylated) primary antibody (Bio-Rad, Cat# AHP418) in a 1/800
dilution overnight at 4 °C. The following day, membranes were washed with PBS/T
(Phosphate Buffered Saline and 0.2 % Tween 20 (Sigma)) before being exposed to the horse-
radish peroxidase conjugates anti-rabbit secondary antibody (1/10000) for 45 mins at room
temperature and further washed 6x with PBS/T. The immunoreactivity was visualised using
Enhanced Chemiluminescence (ECL) using a SynGene gel doc. To analyse the blots the
GeneSys Software (Version 1.6.5.0) was used and a Synoptics 6MP camera was used to
capture the images. The programme Fiji (ImageJ) version (2.1.0/1.53c) was used to
normalise to the control by calculating the integrated intensity of the protein band which
was then divided by the integrated intensity of the loading control band of anti-alpha-

tubulin anti mouse (Sigma-Aldrich).
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2.2.2.4 Transfection
We generated transfected SH-SY5Y cells containing Sod1™" using the lonza nucleofector
tool kit. The transfected cells were selected using G418 in cell culture medium. All

transgenes are C-terminally fused to GFP and a pAcGFP1-N1 vector backbone was used.

The Lonza Amaxa® Cell Line Nucleofector® Kit V and the amaxa nucleofector® Il transfection
device was used to transfect the cell line SHSY5Y. Pre-nucleofection procedures were
followed per manufacturer’s instructions for SH-SY5Y cells: the media was changed twice a
week, and cells were passaged as normal at 75 - 80 % confluency. Cells were seeded out at 2
x 10° cells/cm?. Cells were again grown to 75 - 80 % confluency. Medium was then removed
from the cultured cells and washed once with PBS. The cells were then trypsinised as usual
for about 5 min at 37 °C. The trypsin was inactivated with cell culture medium once the cells
had detached. For one nucleofection sample, 1-2 x 10° cells, 2 ug plasmid DNA, and 100 pl
Cell Line Nucleofector® Solution V were needed. T75 cell flasks containing 400 pug/ml G418
in cell culture medium were prepared and pre-incubated in a humidified 37 °C/5 % CO,
incubator. 1-2 x 10° cells were centrifuged at 90 xg for 10 min at room temperature. After
removal of the supernatant, the pellet was resuspended in 100 pl Nucleofector® Solution.
Combining 100 pl of this cell suspension with 2 pug plasmid DNA, the cell/DNA mix was
transferred into certified cuvettes. The Nucleofector® Program A-023 was used for high
viability. 500 ul of pre-warmed medium was added immediately after transfection and the
whole sample was transferred either into the pre-equilibrated cell flasks or chambered
cover slips in the 37 °C/5 % CO; incubator. Cells were analysed after 4 and 24 h post
transfection. Transfected cell lines were maintained in Neomycin (select with G418). The

plasmids used for transfection are provided in Table 1.
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TABLE 1 LIST OF PLASMIDS USED FOR TRANSFECTION

Product Ref Product Supplier Vector type | Selectable
Marker

26407 pFl46 Addgene Inc Mammalian | Neomycin (select
pSOD1WTACGFP1 Expression | with G418)

26408 pF147 Addgene Inc Mammalian | Neomycin (select
pSOD1A4VAcGFP1 Expression | with G418)

26410 pF149 Addgene Inc Mammalian | Neomycin (select
pSOD1G85RACGFP1 Expression | with G418)

26411 pF150 Addgene Inc Mammalian | Neomycin (select
pSOD1G93AAcGFP1 Expression | with G418)

26409 pF148 Addgene Inc Mammalian | Neomycin (select
pSOD1G37RAcGFP1 Expression | with G418)

2.2.2.7 Widefield microscopy

After transfection, cells transferred into a chambered cover slip with 8 individual wells and
high walls for cell culture (ibidi) were left untreated or 5 mM NaB or 1 mM VPA treatment
was added. Cells were incubated for 24 h before being analysed using widefield microscopy.
Images were captured using an Olympus I1X81 fluorescence microscope using either GFP
filter set (395/509 excitation/emission) or using DIC at 100x magnification using an Andor

Xyla 4.2 CMOS digital camera.
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2.3 Results

2.3.1 The impact of Butyrate supplementation on SOD1-mediated
motor defects in an ALS C. elegans model

Short-chain fatty acids (SCFAs, including acetate, propionate and butyrate) are generated in
the colon through bacterial fermentation of dietary fibres and starch. It has been reported
that ALS patients lack butyrate-producing bacteria (Niccolai et al., 2021) and that butyrate
supplementation could improve motor function in a mouse model of ALS (Zhang et al.,

2017).

We sought to determine the effects of sodium butyrate (NaB) supplementation in a C.
elegans model of ALS. We conducted a thrashing assay in untreated and NaB treated
transgenic animals to provide the first insights into its effect on Sod1 or Sod1%8°R induced

motor defects in a C. elegans model of ALS.

As reported in previous studies (Jiou Wang et al., 2009; Baskoylu et al., 2018), it was noted
that both h:Sod1 or h:Sod1G85R overexpression led to decreased thrashing frequencies
over a 7 day time-course, when compared to the wildtype N2 worm (Figure 1A). The
h:Sod1G85R overexpression animals had the most severe thrashing impairment compared
to both strains and would curl up or only move their head when gently prodded instead of
moving freely in a sinusoidal pattern seen in the wild type N2 and h:Sod1 overexpression

worms (Jiou Wang et al., 2009; Baskoylu et al., 2018).

To determine the effects of NaB activity three separate thrashing assays experiments were

devised (Figures 1B-D).
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In the first instance worms were grown and eggs transferred onto either NGM or NGM NaB
supplemented plates. This meant that the synchronised embryos transferred onto butyrate
plates were exposed to NaB from hatching and throughout development (Figure 1B). NaB
supplementation had no significant effect on the thrashing activity of the N2 wild type strain
(Figure 1B). The thrashing defect phenotype observed in both h:Sod1 and h:Sod1G85R
overexpression animals could be rescued by around 30 % and 50 %, respectively, when
grown on 100 mM NaB supplemented plates. A significant difference in thrashing behaviour
was still observed when h:Sod1 and the mutant h:Sod1G85R NaB treated cells were
compared to the wild type strain, suggesting a partial rescue of motor activity (Figure 1 B).
In addition, the mobility issues shown by h:Sod1 and h:Sod1G85R worms was also markedly
improved when supplemented with NaB (link to MP4’s held in Kent Academic Repository:

http://doi.org/10.22024/UniKent/01.01.604).

Following this we cultivated the animals on standard NGM OP50 plates from hatching until
they reached their L4 larvae stage. The animals were then transferred onto NaB
supplemented plates prior to assessing thrashing activity (Figure 1C). In this experiment the
transgenic animals were only exposed to NaB from early adulthood. We could identify a
slight variation in thrashing behaviour between the NaB-treated N2 (Figure 1C) and the
untreated N2 control (Figure 1A) on the 3™ (p value: 0.0143) and the 6™ (p value: 0.0024)
day of the experiment. Here, the NaB-treated N2 strain showed a slightly higher thrashing
frequency than the untreated N2 animals on days 3 and 6 (Figure 1 A, C). NaB-treated
h:Sod1 overexpression animals showed a partial thrashing phenotype rescue (Figure 1C) and

on days 6 and 7 these animals behaved almost coequal to the untreated N2 control (Figure
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1 A, C). We could identify a about a 50 % phenotype rescue in h:Sod1G85R overexpression
animals, albeit with a slight delay compared to the first experiment (Figure 1 A-C) where
animals were exposed to NaB since hatching. However, on days 6 and 7 the transgenic
mutant NaB-treated h:Sod1G85R worms behaved almost coequally to the untreated N2

control (Figure 1 A, C).

In the third thrashing experiment (Figure 1 D), transgenic L4 larvae were cultivated on NaB
supplemented plates for one generation and then transferred back onto untreated NGM
plates. We found that sudden NaB withdrawal reversed the rescue effects in both h:Sod1
and h:Sod1G85R overexpression animals. However, interestingly the h:Sod1G85R animals
showed a slight increase in thrashing frequency much alike the h:Sod1 overexpression

animals (Figure 1 D).
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Figure 1 Thrashing assay showing the effect of NaB and NaB withdrawal on transgenic ALS C.elegans
strains.

The body bends of 15 worms in liquid medium (M9 media) was recorded at 30 seconds intervals for
each strain on days 1, 2, 3, 6 and 7. Age synchronisation was performed prior to the experiment by pick-
ing 100 L4 larvae per strain and per plate. Transgenic strains were compared to the standard N2 strain.
The experiment was carried out in triplicates and the data represented displays an average of the three
biological repeats. The error bars indicate the standard deviation. A One-Way repeated measures ANO-
VA (RM-ANOVA) applying the Geisser-Greenhouse correction and using a Tukey’s post hoc multiple
comparison test was used to measure statistical significance.

A) Thrashing curve of untreated animals.

B) Thrashing curve of 100 mM NaB exposure since hatching.

C) Thrashing curve of 100 mM NaB exposure since early adulthood.

D) Thrashing curve of 100 mM NaB withdrawal after 1 generation.

2.3.2 Investigating the impact of the SCFA Butyrate and Histone
deacetylase inhibitor (HDAC inhibitors) supplementation on SOD1 -
mediated neuromuscular junction (NMJ) dysfunction

NMJ dysfunction is a common symptom in the early stages of ALS (Fischer et al., 2004). We
therefore sought to examine NMJ function in a C. elegans model of ALS and the effects of

NaB upon this. In addition, as NaB is a known HDAC inhibitor, we examined whether the
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well-characterised HDAC inhibitor Trichostatin A (TSA) had similar effects. Locomotion in C.
elegans is exerted through excitatory motor neurons releasing acetylcholine and inhibitory
motor neurons which release GABA y-aminobutyric acid (Richmond and Jorgensen, 1999;
Zhen and Samuel, 2015). Thus, cholinergic motor neurons will release acetylcholine
activating acetylcholine receptors located on muscles exciting them. Conversely, the break-
down of acetylcholine is performed by acetylcholinesterase in the synaptic cleft terminating
neurotransmission and thus muscle contraction. NMJ function can be studied in C. elegans
using aldicarb which inhibits acetylcholinesterase, causing acetylcholine accumulation in the
synaptic cleft of the NMJ. Inhibiting acetylcholinesterase by aldicarb application causes
continuous muscle contraction and dysfunction of the NMJ can be determined by either
aldicarb resistance or sensitivity. Typically, low synaptic transmission is correlating to
increased aldicarb resistance whilst increased synaptic transmission may be characterised
by increased aldicarb sensitivity or faster paralysis (Rand, 2007).

Multiple studies have shown that butyrate can act as an HDAC inhibitor (Candido, 1978;
Vidali et al., 1978; Donohoe et al., 2014; Pascale et al., 2018; Chen, Zhao and Vitetta, 2019).
HDAC is the enzyme responsible for catalysing the removal of acetate from modified lysine
residues at the N-terminal region of histones H2A, H2B, H3 and H4 which form a histone
octamer core (Luger et al., 1997). Preventing the removal of acetyl groups from lysine
residues on histone and non-histone proteins leaves the DNA more tightly bound
(compaction of chromatin) as the lysine residues retain their positive charge thus preventing
gene transcription (Davie, 2003). However, this affects only the expression of about 2 % of

mammalian genes (Davie, 2003) and the precise mechanism remains unclear.
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The antifungal antibiotic Trichostatin A (TSA) is derived from Streptomyces and is a selective
class | and Il histone deacetylase (HDAC) inhibitor. Furthermore, TSA inhibits the cell cycle in

eukaryotes and induces morphological reversion in transformed cells (Hsu et al., 2019).

We observed that 100 % of wild type worms achieved paralysis within 3 h when exposed to
aldicarb (Figures 2A-D). The pattern of paralysis adopted a sigmoidal curve, suggesting that
worms within a population may react differently to aldicarb exposure. Interestingly,
although all animals were paralysed with 3 h, the treatment of wild type with NaB led to a
reduction in aldicarb sensitivity within part of the population (Figure 2A-2D). We could
confirm that both transgenic ALS strains overexpressing either h:Sod1 or h:Sod1G85R
showed NMJ dysfunction when compared to the wild type (Figure 2A and 2B). We found
that the h:Sod1 and h:Sod1G85R transgenic strains were more aldicarb sensitive, achieving
paralysis in 100 % of the population within 120 and 100 mins respectively (Figures 2A and

2B).

Treatment of h:SOD1 or h:SOD1G85R with NaB led to a wild type aldicarb resistance profile
(Figure 2A and B) suggesting a rescue of the observe NMJ defect. Treatment of wild type C.
elegans with 150 pg/ml TSA led to no difference in aldicarb sensitivity (Figure 2C and D).
However TSA supplementation led to a rescue in NMJ function in transgenic animals
overexpressing either human h:Sod1 or h:Sod1G85R that mirrored the wild type aldicarb

response (Figure 2C and D).
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Figure 2 Aldicarb-response curves of wild type N2 and transgenic animals overexpressing human Sod1
or Sod1G85R after 100 mM NaB or 150 ug/ml Trichostatin A (TSA) treatment.

The control worms were grown on standard NGM OP50 plates and synchronised with the NaB or TSA
plates. Age synchronisation was also performed prior to the experiment by picking 100 L4 larvae per
strain and per plate. The experiment was carried out in triplicates and the data represented displays an
average of the three biological repeats. The error bars indicate the standard deviation. A Two-Way re-
peated measures ANOVA applying the Geisser-Greenhouse correction and using a Tukey’s post hoc mul-
tiple comparison test was used to measure statistical significance.

A-B) Aldicarb response curves after NaB exposure for transgenic h:Sod1 and h:Sod1G85R animals.

C-D) Aldicarb-response curves after TSA treatment for transgenic h:Sod1 and h:Sod1G85R animals.
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2.3.3 The Effect of NaB and TSA exposure on h:Sod1 and h:Sod1G85R
aggregation in C. elegans

The effects of Sod1 stability and aggregation on cellular dysfunction and in the promotion of
ALS pathology is well documented. As we had observed a significant improvement in
motility and NMJ function we sought to investigate whether NaB and TSA exposure had an
effect on h:Sod1 and h:Sod1G85R aggregation. We therefore carried out confocal
microscopy to measure fluorescence intensity of YFP-labelled h:Sod1 or h:Sod1G85R

animals in transgenic animals.

The overexpression of h:Sod1 and h:Sod1G85R C. elegans led to visible aggregation as has
been previously reported (Jiou Wang et al., 2009; Baskoylu et al., 2018). Clear aggregation
of h:Sod1 and h:Sod1G85R were visible in the head ganglia and ventral cord (Figure 3 A-C).
Upon 24 h of exposure with NaB we observed a significant and reproducible reduction in
aggregate formation animals expressing either h:Sod1 or h:Sod1G85R (Figure 3 A-C). A
significant reduction in Sod1 and Sod1G85R aggregate formation was also observed
following exposure to TSA. However, the effect of TSA was not more pronounced than that

of NaB. (Figure 3A-C).

The observed differences in fluorescence intensity are consistent with changes in SOD1
aggregation; however, it is important to consider that differences in total SOD1 protein
abundance could also contribute to the observed fluorescence signal. Therefore,
confirmation that SOD1 protein levels are comparable between conditions will be important
to determine whether the differences observed reflect changes in aggregation rather than

differences in overall SOD1 abundance.
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Figure 3 Effects of NaB and TSA on SOD1 aggregation in C. elegans. Confocal images and MFI of transgenic
hSOD1 and hSOD11%%% (. elegans grown with and without supplementation of 100mM NaB or 150ug/mi
trichostatin A (TSA). (A—8B) Confocal images of untreated and NaB or TSA-treated animals. (C) Mean
fluorescence intensity (MFI) of YFP-hSOD1 and YFP-hSOD15%* expression. Each graph represents an
average of three biological repeats (n = 10). The error bars display the standard deviation. A one-way
ANOVA using a Tukey muitiple comparison test waos used to determine statistical significance. (#) flags
levels of significance compared with the untreated strains.
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2.3.4 The Effect of NaB and histone deacetylase inhibitor VPA on
mutated Sod1 aggregation in the neuroblastoma cell line SH-SY5Y
Our results demonstrate that NaB and TSA treatment can prevent Sod1 and Sod1G85R
aggregation and the resultant motor defects in C. elegans. To further investigate this
finding, we tested the effects of NaB and the HDAC inhibitor Valproic acid on SH-SY5Y cells
expressing a range of Sod1 mutants that have been linked to ALS. We first performed MTT
assays to identify non-toxic working concentrations for both NaB and VPA in SH-SY5Y cells,
using NaB and VPA concentrations ranging from 0.07 - 5 mM. 1 mM was selected for VPA

and 5 mM for NaB as non-toxic working concentrations showing minimal effect on viability.

We hypothesised that Sod1 aggregation inhibition may occur as a result of HDAC inhibition.
We therefore examined whether the selected concentrations of 1 mM and 5 mM for VPA
NaB respectively demonstrated HDAC inhibition in a western blot analysis to detect H4
acetylation (Figure 4). The western blot was performed using a rabbit polyclonal anti-
acetylated histone H4 antibody (AHP418, Bio-Rad). The antibody was raised against the
tetra-acetylated form of histone H4 and recognizes acetylated isoforms of histone H4 (Bio-
Rad). Both 24 h 5 mM NaB and 1 mM VPA treatment significantly increased the intensity of
the acetylated H4 signal in SH-SY5Y cells compared with the untreated control (Figure 4B, C).
The immunoblot showed a predominant band corresponding to the expected molecular
weight of histone H4, alongside additional higher- or lower-molecular-weight
immunoreactive bands that may represent different H4 isoforms or other antibody-reactive
species. These results suggest an increase in H4 acetylation following NaB and VPA

treatment; however, changes in total H4 protein abundance could also contribute to the
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increased signal. Therefore, in the absence of normalisation to total histone H4, the results
are interpreted as an increase in acetylated H4 signal rather than definitive evidence of

increased H4 acetylation.
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Figure 4 Effects of NaB and VP4 on GFP tagged 5001 and 500144V aggregation in SH-5Y5Y cells.

A) Dose-response curve of NoB and VPA in SH-5YSY testing concentrations ranging from 0.07-5 m\ in a
MTT assay.

B) A western blot showing the detection of H4 in SH-5Y5Y cells after 5 mM NaB or 1 mM VB4 treotment
after 24 h.

) A bar chart representing the change in He acetylation relative to a-tubulin looding contral in SH-5¥5Y
following exposure to either 1mM VPA or Smhd NaB for 24h. Uniform protein loading was ensured by
probing levels of a-tubulin after probing for H4. The bar chart and dose-response curve represent an
average of three biological repeats. The error bars display the stondord deviation. A One-Way ANOVA
using a Tukey multiple comparison test was used to determine statistical significance. (*) flogs levels of
significance compared to the untreated cells.
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We then investigated the effect of 5 mM NaB and 1 mM VPA on Sod1 aggregation. We
conducted widefield microscopy after incubating Sod1 or Sod1™" transfected SH-SY5Y cells
for 24 h with either 5 mM NaB or 1 mM VPA (Figure 5, 6). As expected, untreated and 5 mM
NaB-treated WT-SOD1 expression in SH-SY5Y cells led to a diffused and cytoplasmic
localisation of SOD1 (Figure 5). 1 mM VPA treatment showed minimal SOD1 aggregations
after 24 h (Figure 5). Untreated SOD1A4V expressing SH-SY5Y cells showed many SOD1A4V
aggregations which could be significantly reduced and a more WT-like SOD1 distribution

could be achieved after 5 mM NaB or 1 mM VPA treatment (Figure 5).
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Figure 5 Widefield DIC and GFP images of Sod1 and Sod1**" transfected SH-SY5Y before and after 5 mM
NaB or 1 mM VPA incubation.

Cells were incubated in standard IMDM media supplemented with G418 to select for successfully trans-
fected cells. The cells were then incubated with either 5 mM NaB or 1 mM VPA for 24 h. The slides were
viewed under an Olympus 1X81 inverted microscope and 60x objective.
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Untreated SOD1G85R expressing SH-SY5Y cells showed mutant SOD1 aggregates. This could
be completely reversed after NaB and VPA treatment (Figure 6). High levels of mutant SOD1
aggregation could be detected in untreated SOD1G37R expressing SH-SY5Y cells (Figure 6).
However, after NaB or VPA treatment cytoplasmic diffused mutant SOD1 localisation was

seen (Figure 6).
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Figure 6 Widefield DIC and GFP images of Sod1°®*" and Sod1%°”" transfected SH-SY5Y before and after 5
mM NaB or 1 mM VPA incubation.

Cells were incubated in standard IMDM media supplemented with G418 to select for successfully trans-
fected cells. The cells were then incubated with either 5 mM NaB or 1 mM VPA for 24 h. The slides were
viewed under an Olympus 1X81 inverted microscope and 60x objective.
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2.4 Discussion

In the present study we sought to further investigate the impact of butyrate and HDAC
inhibitors such as TSA and VPA on Sod1-mediated toxicity in ALS. We made use of two
systems: C. elegans to investigate the linkage of the gut microbiome to ALS, and the
neuroblastoma cell line SH-SY5Y allowing us to further our findings in a human-derived

model.

2.4.1 Supplementation of butyrate and the HDAC inhibitor TSA can
improve Sod1-mediated motor defects and Sod1-mediated
neuromuscular junction dysfunction in C. elegans

Hallmarks of the neurodegenerative disease ALS are progressive loss of motor neurons
responsible for e.g. walking, eating, and breathing resulting in paralysis and death (Brown
and Al-Chalabi, 2017), and NMJ dysfunction in early stages of ALS (Fischer et al., 2004). In
our study we could confirm the findings of (Jiou Wang et al., 2009) where locomotor defects
and paralysis in both human SOD1 and human mutant SOD1 G85R could be reported albeit
to a lesser extent in the human SOD1 overexpressing strain in C. elegans. The distinct motor
defective phenotype of the G85R strain (Figure 1B) suggests a mutant protein specific
paralysing effect. We could also confirm that both transgenic ALS strains overexpressing
either human SOD1 or human mutant SOD1 G85R show NMJ dysfunction (Baskoylu et al.,
2018). However, in our study the transgenic strains were more aldicarb sensitive than non-
transgenic wild type C. elegans, achieving paralysis in 100 % of the population within 120

and 100 mins respectively (Figures 2A and 2B).
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This is different to the findings by (Baskoylu et al., 2018), who reported stronger resistance
to aldicarb compared to the non-transgenic wild type N2. We also noticed an overall
sensitivity to 1 mM aldicarb, so we had to adjust the concentration to 0.5 mM. Strain
dependent differences could be a potential reason for the different findings and a direct
comparison would be needed to be made with the strains from the Baskoylu study and the

ones we used to investigate further.

Furthermore, in our study we could show that supplementation of butyrate or the HDAC
inhibitor TSA was able to rescue both Sod1 protein aggregation and the locomotor and NMJ
defects in C. elegans. This may suggest that butyrate acts as an HDAC inhibitor to exert

protective functions in neurons.

The reversible actions of histone acetylation and deacetylation catalysed by histone acetyl
transferases (HATs) and histone deacetylases (HDACs), respectively, are pivotal in gene
regulation, crucial for cell proliferation and differentiation (lIcardi, De Bosscher and
Tavernier, 2012; Rousseaux and Khochbin, 2015). Gene activation is accelerated through
hyperacetylation of N-terminal of histones H3 and H4 whereby transcriptional repression is
regulated through deacetylation (Strahl and Allis, 2000). Homeostasis of these opposing
enzymatic actions is often imbalanced in diseases such as cancer and neurodegenerative
diseases (Rouaux, 2003; Fraga et al., 2005). In neurodegenerative illnesses homeostasis in
histone acetylation tends towards hypoacetylation (Saha and Pahan, 2006). To date
eighteen mammalian HDACs have been characterised and grouped into four classes.
Classical HDACs are Class I, 1, and IV and are zinc-dependent whilst Class Il HDACs are NAD-
dependent. Class Il HDACs share similarities to yeast SIR2 and are also called sirtuins, SIRT

1-7 are mainly involved in metabolism, stress response and ageing regulative mechanisms
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(Michan and Sinclair, 2007; Wiech et al., 2009). HDAC inhibitors lead to the prevention of
the removal of acetyl groups from lysine residues on histone and non-histone proteins. This
generally means that DNA exists in a more tightly bound state (compaction of chromatin) as
the lysine residues retain their positive charge thus preventing gene transcription (Davie,
2003). Structurally, HDAC inhibitors can be grouped into four groups: hydroxamates, cyclic
peptides, aliphatic acids, and benzamides (Kim and Bae, 2011). The antifungal Trichostatin A
(TSA) is a selective HDAC inhibitor of Class | and Il HDACs (Vanhaecke et al., 2004). TSA can
cease the cell cycle and controls gene expression (Zhang et al., 2012). Valproic acid or VPA is
an established drug used in epilepsy treatment and is well tolerated, however, may cause
birth defect if given during early pregnancy (Nau, Hauck and Ehlers, 1991; Gottlicher, 2001;
Phiel et al., 2001). However, VPA is also considered a novel class of HDAC inhibitor inducing

differentiation of carcinoma cells (Gottlicher, 2001; Phiel et al., 2001).

The impact of the microbiome on ALS disease onset and progression has been subject of
discussion for several years: Several studies have shown that gut health is linked to brain
pathology providing evidence of a two-way communication system called the gut-brain axis
important in many neurodegenerative diseases (Carabotti et al., 2015; Ryman et al., 2023).
Gut dysbiosis and a general alteration and imbalance of the gut microbiome could be
observed in both human ALS patients and animal models (Toepfer, C Folwaczny, A Klauser,
RL, 2000; Blacher et al., 2019; Burberry et al., 2020; Boddy et al., 2021; Parra-Cantu et al.,
2021; Samara et al., 2021). A study conducted in mice showed that microbiota composition
may limit neurodegenerative microglia which are the primary immune cells in the central
nervous system and thus influence ALS disease progression. This study also reported that
antibiotics usage decreases butyrate-producing bacteria (Cox et al., 2022). Another pre-

clinical mice study showed that changes in the gut microbiome occur at early stages in
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SOD1%%3A animals which subsequently displayed muscle atrophy, motor dysfunction and
activation of immune cells in the nervous system (Figueroa-Romero et al., 2019). Compared
to healthy individuals, human ALS studies report that the gut microbiome of ALS patients
differs immensely in terms of increased abundance of various pathobionts rather than
bacterial phyla e.g. Firmicutes which are beneficial to healthy metabolic function (Zhai et al.,
2019; Goutman et al., 2022; Guo et al., 2024). Furthermore, human ALS gut microbiota
studies reported deficiency in butyrate-producing microbes (Fang et al., 2016; Nicholson et
al., 2021). Another study showed that ALS patients lacked microbial enzymes thus
decreasing the activity of metabolic pathways such as carbon and butyrate metabolism

(Hertzberg et al., 2022).

Butyrate is one of the main SCFA generated through fermentation of dietary carbohydrates
and fibres, starch and some endogenous proteins by bacteria residing in the proximal colon.
Around 60 - 70 % of the energy requirements of epithelial cells of the colon are provided by

SCFA (Canani, 2011; Brahe, Astrup and Larsen, 2013; P. Fan et al., 2015; Ma et al., 2017).

SCFAs are crucial for the protection and maintenance of the gut health but also for energy
supply for epithelial cells. SCFAs such as acetate or butyrate may modulate the guts immune
system and prevent pathogens from breaking through the epithelial barrier by making it less

permeable (den Besten et al., 2013).

Although not thoroughly comprehended yet, it is known that SCFAs bind to G-protein-
coupled receptors (GPCRs) such as the free fatty acid receptors FFAR2 and FFAR3, the
hydrocarboxylic acid receptor GPR109a/HCAR2, and GPR164. These receptors are widely
expressed in cells from both the gastrointestinal mucosa and the immune and nervous

systems (Bolognini et al., 2016; Mohajeri et al., 2018).
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Inhibition of histone deacetylase (HDAC) activity is another mechanism SCFA may act on
systemic functions and could be found in gut and immune tissue (Kien et al., 2008) as well as
in the peripheral and central nervous system (Stilling et al., 2016). Neuroinflammation and
activation of microglia play an important role in many neurodegenerative diseases (Silva,
Bernardi and Frozza, 2020; Caetano-Silva et al., 2023): Several studies showed that butyrate
acts on inflammatory microglia and decreases pro-inflammatory cytokines secretion
through HDAC inhibition (Patnala et al., 2017; P. Wang et al., 2018; Reddy et al., 2018;
Yamawaki et al., 2018; Silva, Bernardi and Frozza, 2020; Caetano-Silva et al., 2023). Studies
in Parkinson’s disease revealed that structural changes in gut microbiota and sodium
butyrate administration may ameliorate motor malfunctioning and deficiency in dopamine
levels (St. Laurent, O’Brien and Ahmad, 2013; Sharma, Taliyan and Singh, 2015; Liu et al.,

2017; Paiva et al., 2017; W. Li et al., 2017; Sun et al., 2018).

The many and sometimes contradictory effects of butyrate are all dependent on its
physiological concentrations that appear to form as a gradient along the lumen-to-crypt axis
and the proximal-distal axis in the lumen (Csordas, 1996; Sengupta, Muir and Gibson, 2006).
Mice studies showed that administration of high levels of butyrate (40 mM or 200 mM)
were safe to use (Andrusaite et al., 2024; Ma et al., 2024). They also showed that whilst low
butyrate concentrations (1 mM) may promote lung cancer cell proliferation, higher butyrate
concentrations (5 mM) may supress lung cancer cell proliferation (Ma et al., 2024). In
immune responses e.g. via conventional dendritic cells (cDC) butyrate at a low
concentration (0.5 mM) acts as a HDAC inhibitor preventing cDC development and thus
their ability to prime T-cells (Andrusaite et al., 2024). In humans butyrate administered
orally or using enemas at concentrations of 100 mM or more has been used as a treatment

in colonic inflammation patients (Scheppach et al., 1992; Lihrs et al., 2002; Vernia et al.,
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2003; HAMER et al., 2007; Hamer et al., 2010) suggesting butyrate potential as a

therapeutic approach.

2.4.2 Addition of Butyrate and HDAC inhibitors TSA and VPA can clear
Sod1M™ aggregations in C. elegans and the neuroblastoma cell line
SH-SY5Y

Another hallmark of the ALS disease are mutant SOD1 aggregations in neurons and skeletal

muscle cells (Redler and Dokholyan, 2012).

We found that butyrate administration and usage of the widely used HDAC inhibitors TSA
and VPA to the culture media of the C. elegans and SH-SY5Y models decreased mutant SOD1
aggregations. In our SH-SY5Y model we could decrease mutant SOD1 aggregation in a
variety of the most prevalent SOD1 mutations found in ALS and in our C. elegans model we
could show a more pronounced reduction in Sod1 and Sod1G85R aggregation formation
upon exposure to NaB, VPA and TSA (Figure 3A-C). TSA also led to an aldicarb profile
identical to the wild type whilst NaB did not (Figures 2, 3) suggesting a correlation between
aggregate prevention and NMJ function. A study showed that mutant SOD16%34
aggregations could also be found in intestinal cells of ALS mice and human intestinal
epithelial cells. In this study the administration of butyrate could decrease abnormal Paneth
cells as well as restore abnormal intestinal function and increase life span in these ALS mice
(Zhang et al., 2017). Another G93A ALS mouse study focusing on NF-kappaB and bcl-2
demonstrated that sodium phenylbutyrate increased life span and shapes anti-apoptotic
gene expression through HDAC inhibition (Ryu et al., 2005). Interestingly, a study using

Drosophila melanogaster showed that TSA and butyrate both influence autophagy and
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chaperones assisting in correctly folding newly synthesised proteins (Chen et al., 2002).
Interestingly, a study using motorneuron-like NSC34 and HEK293 cell lines showed that
HDAC6 knockdown could increase mutant SOD1 aggregation instead of decreasing (Gal et

al., 2013).

Other studies using C. elegans have shown that gut colonisation of butyrate producing
bacteria supress aggregation of proteins thus preventing proteotoxicity and thus
emphasising the impact of microbial metabolites on host health (Walker et al., 2021). In
conclusion, we demonstrated that NaB may act as an HDAC inhibitor preventing or
decreasing a range of mutant SOD1 accumulations which also might correlate with NMJ
function. Further studies investigating the exact mechanism of Sod1 aggregation inhibition
in our models may provide a useful platform for the design of new therapeutic approaches

to utilise HDAC inhibition to treat ALS.
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Chapter 3 — An analysis of the antifungal effects of
Butyrate on C. albicans reveals pH dependent modes of

action — implications for ALS linked dysbiosis

Abstract

Candida species contribute to both normal gut microbiome dynamics and a range of
medical conditions where maintaining microbial balance is crucial for health. In this
context, butyrate, a short-chain fatty acid produced by various gut bacteria and
known to play a critical role in intestinal homeostasis, has been shown to influence
Candida levels. Here, we investigate the antifungal effects of sodium butyrate (NaB)
on Candida albicans under pH conditions that are found within the gut. We find that
NaB has a rapid histone deacetylase inhibitor activity against C. albicans and inhibits
growth, hyphal transition, respiration and biofilm formation at neutral pH. In contrast,
at pH 4.0 NaB has fungicidal effects that are accompanied by mitochondrial
depolarisation, accumulation of reactive oxygen species (ROS), and dysregulation of
intracellular calcium homeostasis. Our data confirm that oxidative stress and loss of
calcium regulation are responsible for NaB-induced death under acidic conditions.
These findings highlight the pH-dependent effects of butyrate and have relevance for
both our understanding of the microbiome and its potential as a therapeutic to control

Candida albicans overgrowth.
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3.1 Introduction

3.1.1 Gut dysbiosis in ALS patients

The composition of the gut microbiome is dependent on various factors, such as genetics,
gender, age, geographic location, lifestyle, and diet (Ballan et al., 2020; de Vos et al., 2022).
In addition, compounds from the diet are metabolised by the gut microbiota yielding
various metabolites that will interact with cell receptors and signalling pathways of the host
influencing the host’s health. Thus, various compositions of the gut microbiota will provide
different metabolite profiles leading to different impacts on different signalling pathways,
and therefore may contribute or impede host health (Ballan et al., 2020; de Vos et al.,
2022).

The current view on ALS disease development and progression suggests a complex multi-
factor interplay of both genetic and non-genetic elements (Fang et al., 2009; Al-Chalabi et

al., 2014; Renton, Chio and Traynor, 2014; Marangi and Traynor, 2015; Wang et al., 2017).

External risk factors such as smoking, diet, heavy metals, and pesticide exposure were
identified in epidemiological studies (Fang et al., 2015). Recently, diet had been shown to be
a crucial contributing factor to ALS risk, onset, and progression: high-calorie fat or sugar-rich
diets showed to positively affect ALS patients (Desport et al., 2001; Bouteloup et al., 2009;

Vaisman et al., 2009; Dupuis et al., 2011; Ferri and Coccurello, 2017; Steyn et al., 2018).

Human ALS studies could identify that the microbiome of ALS patients is significantly
different to healthy controls: Bacteroidetes Bacteriodales Dorea and phyla Firmicutes levels
were significantly higher in healthy controls compared to ALS patients. Furthermore,
Oscillibacter, Anaerostipes, and Lachnospiraceae were substantially decreased in ALS

patients (Fang et al., 2016). It was reported (Rowin et al., 2017) that dysbiosis and
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decreased diversity of the microbiome compared to healthy controls was present in all ALS
patients examined. Furthermore, other studies investigating the microbiome of ALS patients
found that there was a significant lower abundance and diversity of the bacterial profile in
ALS patients compared to healthy controls; here higher abundance of E. coli and
Enterobacteria combined with lower abundance of Clostridium and yeast was identified in
ALS patients (Mazzini et al., 2018; Di Gioia et al., 2020). A recent study identified that 15
bacterial species including butyrate-producing bacteria Roseburia intestinalis and
Eubacterium rectale levels were significantly lower in ALS patients when compared to
healthy controls (Niccolai et al., 2021). Comparison (Hertzberg et al., 2022) of the gut
microbiota of ALS patients with the patients’ spouses as healthy controls found that ALS
patients were lacking butanoate metabolic pathway enzymes. Furthermore, they found that
enzymes involved in metabolic pathways including response regulators, carbon and
butyrate metabolism pathways were expressed at low levels.

An interesting external factor which may promote ALS disease are fungal infections. These
can be acquired through spores from plants or soil that are inhaled. Many fungi produce
neurotoxins that can promote motor neuron degeneration (Castanedo-Vazquez et al., 2019;
French, Ludowyke and Guillemin, 2019). Mycotoxins or neurotoxins are secondary
metabolites generated by fungi such as Aspergillus, Fusarium, and Penicillium (Sweeney,
1998). Mycotoxins may be ingested through spoiled food contaminated with fungi and may
have carcinogenic, nephrotoxic, mutagenic and neurotoxic effects (Alshannaq and Yu,
2017). Many filamentous species such as Aspergillus and Penicillium generate Ochratoxin A
which has been noted in Parkinson’s disease (Sava et al., 2006; El Khoury and Atoui, 2010).
Another hallmark of ALS is excessive secretion of the excitatory neurotransmitter glutamate

in the synaptic cleft (Van Den Bosch et al., 2006; Arnold et al., 2024). In vivo studies in sheep
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and rats showed that the mycotoxins virulome and penitrem A may cause increased
glutamate secretion (Norris et al., 1980; Peterson et al., 1982; Bradford, Norris and Smith,
1990). Increased glutamate levels were also shown to increase the toxicity of mutant SOD1
(Roy et al., 1998) and induce post-translational modifications in TDP-43 leading to ALS
development or progression (Scofield et al., 2012). Riluzole is the first approved drug for ALS
treatment inhibiting glutamate secretion as well as showing moderate antifungal activity
(Doble, 1996; LaFleur et al., 2011; Lasiene and Yamanaka, 2011; Bhandari, Kuhad and
Kuhad, 2018). Fungal SOD1 is not only important for virulence in pathogenic fungi but also
helps evade the human immune defence system by increasing oxidative stress resistance
(Cox et al., 2003; Cox, Banack and Murch, 2003). Although fungal SOD1 is genetically and
structurally different to human SOD1, fungal SOD1 may prolong fungal infection by
mycotoxigenic molds, such as Aspergillus, Fusarium, and Penicillium species, and therefore
extend host exposure to their secondary metabolites (Huang, Kuo and Jinn, 2012; French,
Ludowyke and Guillemin, 2019). Notably, this toxic exposure profile excludes common yeast
pathogens like C. albicans, which do not produce classic secondary-metabolite mycotoxins

made by filamentous molds.

C. albicans infection leading to gut inflammation could be observed in ALS studies (Rowin et
al., 2017; Fournier et al., 2020). Other studies showed that bacterial and fungal infections in
the CNS coexist in ALS patients (Alonso et al., 2017; Alonso, Pisa and Carrasco, 2019). Gut
dysbiosis and reduced diversity within the gut microbiome in ALS patients has been
reported in multiple studies (Fang et al., 2016; Rowin et al., 2017; Zhang et al., 2017) and it

has been suggested that gut dysbiosis can directly affect the central nervous system through
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the gut-brain-axis (Forsyth et al., 2011; Hsiao et al., 2013; Sampson et al., 2016).

Butyrate is a known inhibitor of the histone deacetylase (HDAC) (Candido, 1978; Vidali et al.,
1978; Donohoe et al., 2014; Pascale et al., 2018; Chen, Zhao and Vitetta, 2019). HDAC
inhibitors were found to show neuroprotective properties in ALS studies whereby the
genetic silencing of HDAC6 reversed axonal transport defects in ALS-patient-derived motor
neurons (W. Guo et al., 2017). Furthermore, the HDACG6 inhibitor Trichostatin A (TSA) could
protect axons from excitotoxin-induced degeneration in mice (Hanson et al., 2018; Phipps et
al., 2024). The studies suggest that the regulation of HDAC activity may provide an approach
to develop new therapeutic treatments for ALS. It is also of interest to consider how the
levels of HDAC inhibitors, such as butyrate, may affect the prevalence and activity of

microbes linked to ALS pathology, such as C. albicans.

3.1.2 Importance of HDAC and TF regulation for hyphae formation in

C. albicans

The opportunistic pathogen Candida albicans is a commensal yeast found on the mucosal
surfaces of the oral cavity, gastrointestinal tract, and the urinary tract of healthy people
(Douglas, 2003; Ganguly and Mitchell, 2011; Cottier and Hall, 2020). However, C. albicans
can cause severe infections in immunocompromised individuals (Ghrenassia et al., 2019). C.
albicans is a dimorphic fungus able to switch between a yeast and a pseudohyphal or hyphal
form. This yeast-to-hyphae switch is strongly correlated to virulence and critical for biofilm
formation due to expression of cell surface adhesins critical for cell-cell and cell-surface

attachment (Berman and Sudbery, 2002; Nobile et al., 2008). In addition, hyphal cells
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secrete candidalysin, a 31-amino-acid cytolytic peptide toxin derived from the Ecel protein,
which contributes to C. albicans virulence by disrupting host cell membranes and promoting

tissue damage (Lin and Filler, 2025).

Biofilms are communities of single or multi species microorganisms which attach to a
surface or cells generating extracellular polymers forming a structural matrix. Antimicrobial
drug resistance is significantly higher than in planktonic free-living systems (Talpaert et al.,
2015; Cavalheiro and Teixeira, 2018).

Epithelial and endothelial cells can be invaded by C. albicans when they are in their hyphae
form through active invasion not requiring host cell uptake mechanisms. Another
mechanism by which this occurs is called induced endocytosis. Here, epithelial cells
generate pseudopodia-like structures upon fungi interaction via the fungal adhesin Als3 and
human E-cadherin or Her2 — the epidermal growth factor receptor 2 located on epithelial
cells (Phan et al., 2007; Zhu et al., 2012; Maza et al., 2017). This interaction causes a
rearrangement in the actin filaments in the host cells leading to the uptake of the fungus
(Phan et al., 2007; Zhu et al., 2012; Yang et al., 2014; Maza et al., 2017). Invasion can also
occur through clathrin-dependent endocytosis involving dynamin and cortactin (Moreno-

Ruiz et al., 2009).

Transcriptional hyphal regulation is influenced by environmental and nutritional signals such
as pH, N-acetylglucosamine, serum, CO,, temperature, O; (Villa et al., 2020). Signalling
pathways such as the Efgl-cAMP and the Cphl1-mediated MAPK pathways control the yeast-

to-hyphae switch in C. albicans (Biswas, Van Dijck and Datta, 2007).

To date, there are 11 HDACs identified in C. albicans and C. glabrata which are grouped into

three main classes: Class | contains Rpd31, Rpd32, Hos1, and Hos2. Class Il entails Hdal and

90



Hos3, and Class Il contains Sir2 and Hst proteins. Set3 is an NAD+-dependent HDAC
(Garnaud et al., 2016). Virulence factors in C. albicans such as hyphae formation are
regulated through transcriptional mechanisms (Garbe et al., 2023; Luther et al., 2023; Y. Lee
et al., 2023), but also through chromatin modification (Lopes da Rosa and Kaufman, 2012;
Garnaud et al., 2016). The class | HDAC Rpd31 for example is necessary to initiate
filamentous growth (Xie et al., 2016; X. Li et al., 2017), hyphal development and elongation.
These processes are also regulated by the class Il HDAC Hdal (Zacchi, Schulz and Davis,
2010; Kim, Lee and Lee, 2015; X. Li et al., 2017). During hyphal initiation Nrg1 is repressed
enabling the recruitment of Hda1l through Brgl. Hdal binds to hyphae promotors
restructuring nucleosomes blocking Nrgl binding sites thus upholding hyphae development
(Lu, Su and Liu, 2012). In line with their roles, hyphae development and azole resistance
respectively (Lu, Su and Liu, 2012; X. Li et al., 2017) deletion of Hdal or Rpd31 led to a
decrease in virulence in a mouse study investigating C. albicans pathogenicity (Simonetti et
al., 2007). Another important HDAC class crucial for morphological transition is the sirtuin
family including Sir2, Hst1, Hst2, Hst3 (Zhao and Rusche, 2021). Hst3 is crucial for normal
hyphae growth as it deacetylates H3K56 thus reducing virulence in C. albicans (Wurtele et
al., 2010). The precise functions of Sir2, Hst1, and Hst2 in C. albicans have not been
characterised well yet, however, studies showed that expression levels of hyphae-specific
genes decreased in the absence of S/IR2 (Zhao and Rusche, 2021). It was further found that
Hst1 and Sir2 localised to the nucleus suggesting they function in gene expression (Zhao and
Rusche, 2021). In C. albicans the Set3C complex behaves as cofactor in transcribing genes
needed in metabolism and morphogenesis. Set3C also restricts the regulatory circuit cluster

of Nrgl, Efgl, Brgl, and Tecl controlling hyphal differentiation by changing their
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transcription kinetics (Hnisz et al., 2012). Furthermore, the Set3/Hst1 complex is reducing

signalling via the cAMP/PKA promoting the white-to-opaque switch (Su et al., 2020).

In the current study, we aimed to characterise the effects of butyrate on C. albicans. Here,
we found that high levels of NaB could decrease hyphae formation and biofilm growth in C.
albicans, potentially through SET3C H4 acetylation dynamics. We could also show that NaB
mode of action is pH dependent and that under acidic conditions can cause a loss of calcium
homeostasis leading to cell death characterised by a loss of mitochondrial function and ROS
accumulation. Our findings demonstrate that butyrate can supress a range of C. albicans
virulence traits and under acidic conditions, as are found in the gut, can act as fungicidal

agent.

3.2 Materials and Methods

3.2.1 Media preparation and growth conditions for Candida albicans
All components of the media were mixed in to deionised distilled water prior to autoclaving.
All media was sterilised using a Prestige Medical bench-top autoclave at 121 °C, 15 Ib/sQ.in
for 11 min. All liquid cultures of C. albicans were incubated at 30 °C with constant rotation
at 180 rpm. 2 % w/v granulated agar (Oxoid technical agar No. 3) was added prior to
autoclaving for solid medium and glucose, if required, was added after autoclaving. The YPD
growth medium contained 2 % w/v glucose (Fisher), 1 % w/v yeast extract (BD) and 2 % w/v

Bactopeptone (BD). The RPMI-1640 medium was provided by Sigma-Aldrich, R8755. The
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HDAC deletions (Table 2) used in this study were a kind gift from the lab of Prof Alessia

Buscaino (University of Kent).

TABLE 2 LIST OF HDAC DELETION STRAINS

Strain
Name

Isogenic background

Genotype

Arpd31

Asir2

Ahos2

Ahst1

Ahst2

Aset3

Ahdal

Candida albicans SC5314

Candida albicans BWP17

Candida albicans SC5314

Candida albicans SC5314

Candida albicans SC5314

Candida albicans SC5314

Candida albicans Cal59
(ura3A::Aimm434/ura3A::\imm434
his1::hisG/his1::hisG

rpd31A::C.d.HIS1/rpd31A::C.m.LEU2
arg4A/arg4A his1A/his1A
leu20/leu2A URA3/ura3A::Aimm434
IRO1/iro1A::A\imm434

a/a mating type Transformant 1

ura3A::ANimm434/ura3Aimm434
his1::hisG/his1::hisG
arg4::hisG/arg4::hisG
sir2::HIS1/sir2::ARG4

hos2A::C.d.HIS1/hos2A::C.m.LEU2
arg4A/arg4A his1A/his1A
leu2h/leu2 URA3/ura3A::Aimm434
IRO1/iro1A::A\imm434

a/a mating type Transformant 1

hst1A::C.d.HIS1/hst1A::C.m.LEU2
arg4A/arg4A his1A/his1A
leu2A/leu2 URA3/ura3A::Aimm434
IRO1/irolA::A\imm434

a/a mating type Transformant 2

hst2A::C.d.HIS1/hst2A::C.m.LEU2
arg4lA/arg4A his1A/his1A
leu2A/leu2 URA3/ura3A::A\imm434
IRO1/irolA::A\imm434

a/a mating type Transformant 2

arg4A/arg4 his1A/his1A
leu2A/leu2 URA3/ura3A::A\imm434
IRO1/irolA::A\imm434
set3A::C.d.HIS1/set3A::C.m.LEU2
a/a mating type Transformant 2

ura3A::A\imm434/ura3A::A\imm434
his1::hisG/his1::hisG
arg4::hisG/arg4::hisG
hdalA::arg4/hdall::his1
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arg4::hisG/arg4::hisG
hdalA::arg4/HDA1)

3.2.2 Preparation of total cell lysates and immunoblotting

Overnight precultures of C. albicans in appropriate media were grown to log phase (OD600

nm of 0.6) before adding desired stresses such as 200 mM NaB. 1x108 cells were sampled
after 0 min, 15 min, 30 min, and 60 min after NaB exposure and exposed to 200 pl of the
lysis buffer (1 ml of 1 M NaOH; 1 ml of 0.5 M EDTA pH8; 2 ml of 10 % SDS; 200 pl R-
mercaptoethanol). The lysates were heated for 10 min at 90 °C before 5 pl of 4 M Acetic
acid was added to each sample. Lysates were vortexed for 30 seconds before incubating
them for 10 min at 90 °C. 50 ul of loading buffer (50 % glycerol, 0.25 M Tris-HCl pH 6.8, 0.05
% bromophenol blue) was added to each sample. The samples were then centrifuged at
10,000 rpm for 1 min in a bench microcentrifuge to clear the lysate before loading onto 4 -
12 % SDS-polyacrylamide gels for protein separation. Separated proteins were transferred
onto PVDF membranes (Thermo Fisher), which were placed in blocking solution (5 % w/v
dried skimmed milk (Oxoid) and PBS (Phosphate Buffered Saline)) for 45 mins with rotation
at room temperature followed by incubating in blocking solution containing the anti-rabbit
H4 primary antibody (Biorad AHP418) in a 1/800 dilution overnight at 4 °C. The following
day, membranes were washed with PBS/T (Phosphate Buffered Saline and 0.2 % Tween 20
(Sigma)) before being exposed to the horse-radish peroxidase conjugates anti-rabbit Pgk1
secondary antibody (1/10000) for 45 mins at room temperature and further washed 6 x
with PBS/T. The immunoreactivity was visualised using Enhanced Chemiluminescence (ECL)

using a SynGene gel doc. To analyse the blots, the GeneSys Software (Version 1.6.5.0) was
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used and a Synoptics 6MP camera was used to capture the images. The programme Fiji
(Imagel) version (2.1.0/1.53c) was used to normalise to the control by calculating the
integrated intensity of the protein band, which was then divided by the integrated intensity

of the loading control band of anti-Pgk1 anti- rabbit (Sigma-Aldrich).

3.2.3 C. albicans chemical transformation

Overnight precultures of C. albicans strains in YPD medium were diluted to an OD600 nm of
0.1in 5 ml of fresh YPD and incubated at 30 °C with shaking at 180 rpm until an OD600 nm
of 0.6 - 0.8 was reached. Cells were then pelleted in a cooled centrifuge for 5 min at 4000
rpm and resuspended in 1 ml sterile water three times before resuspending the pellet in
1/100 of its original volume. Competent cells were mixed with 10 pl of 10 mg/ml single
stranded DNA (boiled herring sperm DNA), 20 ul of digested plasmids of interest — a kind gift
from Prof Dominique Sanglard (Sanglard, 2021) (Table 3), 50 ul of washed cell suspension,
875 pl of 50 % PEG 3350, 100 pl 10 X TE (100 mM Tris pH 7.4, 10 mM EDTA pH 8), and 25 pl
1 M LiOAc pH 7. The cell mixture was incubated overnight at 30 °C without shaking before
placed into a 44 °C water bath for 15 min. Transformed cells were centrifuged at 5000 rpm
for 2 min and resuspended into 15 ml YPD at 30 °C with shaking for recovery. The
suspension was pelleted for 2 min at 5000 rpm and cells were plates onto selective media.

Plates were incubated at 30 °C for at least two days to allow colony growth.

TABLE 3 PLASMIDS USED

Plasmid Restriction enzyme Selective Marker
pds1207 Aequorin Stul NAT
pds1865 Aequorin Stul NAT
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Plasmid map 1 of the URA3-selectable aequorin reporter vector. The map illustrates the

architectural layout of the reference vector pDS1209 (available via Addgene, plasmid

#177340), which is structurally identical to the pDS1207 construct utilized in this study.
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Plasmid map 2 of the SAT1-selectable aequorin reporter vector. The map illustrates the
architectural layout of the reference vector pDS1885 (available via Addgene, plasmid

#177341), which is structurally identical to the pDS11885 construct utilized in this study.

pACT1-CAT1 Integrative Vector Blueprint (Linearized View)

CAT1 Gene

Stul (Cut Site)
—>
P_ACT1 Promoter

URA3 Marker

RPS1 (5' fraction)

RPS1 (3)

Vector layout following Stul digestion within the RPS1 sequence to direct homologous recombination into the C. albicans genome.
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Plasmid map 3 Structural layout of the linearized integrative pACT1-CAT1 overexpression
vector. Diagram reconstructed based on the known molecular components of the custom
construct provided by the Quinn Lab. The vector contains the Candida albicans CAT1 open
reading frame under the regulatory control of the strong, constitutive ACT1 promoter

(P_ACT1).

3.2.4 Restriction enzyme digest of DNA

Using restriction endonucleases from New England Biolabs (Stul), enzymatic scission of DNA
at specific sequence points was carried out. The manufacturer’s protocol was used, and the
buffer was supplied by the manufacturer. The reagents listed below (Table 4) were added
together to create a 20 ul reaction mix. The incubation time for the digests was at least 1
hour (sometimes 4 h) at 37 °C. 10 pl of the samples was loaded onto an agarose gel to

analyse the digested products.

TABLE 4 BASIC REACTION MIXTURE USED FOR THE RESTRICTION ENZYME DIGEST USED IN THIS STUDY

Reagent Volume Concentrations
Sterile water 14.8 pl

Plasmid DNA of interest 2 ul 2 ug/ul

BSA 0.2 pl 10 pg/ul
Multicore 10x buffer 2 ul 10X

Stul (restriction enzyme) 1ul 5 u/ul
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3.2.5 Purification of plasmids from E. coli

Overnight E. coli cultures grown in LB medium supplemented with the appropriate antibiotic
(Ampicillin stock concentration: 100 mg/ml in sterile deionised water, Sigma-Aldrich) at 37
°C with constant rotation at 180 rpm were harvested at 8000 rpm for 3 mins at room
temperature. The supernatant was removed, and the plasmid DNA of interest was extracted
from the cell pellet using a Qiagen QlAprep Spin Miniprep Kit according to the

manufacturer’s instructions.

3.2.6 Agarose gel electrophoresis

To analyse DNA fragments and plasmids, agarose gel electrophoresis was carried out. The
agarose gels were composed of 0.8 % (w/v) agarose (Melford, MB12000) in 1x TAE buffer
containing 0.5 pg/ml final concentration of ethidium bromide (Table 5). The Invitrogen

Fisher 1 kb + gene ruler DNA ladder and the 10 X blue juice loading dye was used.

TABLE 5 RECIPE FOR 1X TAE BUFFER

Ingredient amount

Tris base 484¢

Glacial acetic acid 1.14 ml

0.5 M EDTA, pH 8.0 2ml

Milli-Q water To 1L final volume

99



3.2.7 Absorbance assays for growth rate analysis of C. albicans
Precultures of C. albicans strains grown overnight in YPD medium at 30 °C with shaking at
180 rpm were inoculated to an OD600 nm of 0.1 in 100 ul of appropriate medium with or
without supplements or pH adjustments (pH 8: adjusted with 0.1 M NaOH to raise pH or pH
4: adjusted with 1.0 M HCI to lower pH) (Table 6) into a sterile 96-well plate (Greiner).
Media at the initial values of pH 4.0 and pH 8.0 were unbuffered. Consequently, it should be
noted that the extracellular pH likely drifted during the course of the growth curve due to
cellular metabolic activity, ion transport, and the accumulation of metabolic waste products.
The 96-well plate was placed into a BMG LABTECH FLUOstar OPTIMA or a BMG LABTECH
SPECTROstar Nano plate reader for 24 h where the growth was measured (Table 7). The
protocol setting used can be found in the table below (Table 7). To analyse the data, the
software BMG LABTECH MARS was used. The data was then exported to Microsoft Excel for
further analysis. The area under the curve (AUC) was calculated using GraphPad Prism.
Here, the trapezoidal method was applied where each connecting segment under the
growth curve describes a trapezoid. The sum of each segmental trapezoid forms the total

AUC.

TABLE 6 A LIST OF SUPPLEMENTS ADDED TO YPD MEDIA

Supplement Concentration

NaB (Sigma Aldrich) Various concentrations
H20; 5mM

CaCl; (Sigma Aldrich) 50 mM
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TABLE 7 THE PROTOCOL SETTING USED TO MEASURE GROWTH RATE

Cycle Time 1800 seconds

Flashes per Well 3

Excitation 600 nm

Shaking Frequency 400 nm

Shaking Mode Double Orbital

Additional Shaking Time 30 seconds before each cycle
Temperature 30°C

Positioning Delay 0.5 seconds

3.2.8 Biofilm Growth assay

The surface of a 96 well plate upon which the biofilm was to grow was coated by adding 100
ul of 50 % Donor Bovine Serum (DBS) and left for at 30 mins at 30 °C without shaking. The
50 % DBS was removed by inverting the plate and washing with 1 X PBS solution. Cells
washed and resuspended in 1 X PBS at a density of 1 x 10 CFU/ml (OD600 nm of 1.0 for 24
well plate, OD600 nm 0.1 for 96 well plate) were added and left for 90 mins to adhere to the
surface at 37 °C without shaking. Non-adhered cells were then removed by washing the
plate once with 100 pl of 1 X PBS as before. 100 ul of fresh media and supplements of
choice were added to the wells and the plate returned to incubator without shaking for up
to 24 h (mid stage) or 48 h (mature Biofilm). Once biofilms had grown the plate was washed
twice with 1 X PBS, inverting on tissue and tapping it gently to remove detached cells before

proceeding to XTT assay or crystal violet assay (CV).
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3.2.9 XTT assay

To assess biofilm growth, an XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) (XTT Assay Kit ab232856, Abcam) reduction assay was used.
This is a readout of the metabolic activity of viable cells in the biofilm and is used as a
readout of cell number. The XTT assay was performed by adding 200 ul of 1 X PBS to each
well and then adding 10 ul of the XTT labelling reagent to each well. To make the XTT
labelling mixture, 1.5 ml of XTT labelling reagent (XTT Developer Reagent) was mixed with
30 pl of the electron coupling reagent (Electron Mediator Solution). The plate was incubated
in a non-shaking incubator at 37 °C for 4 - 5 h before being centrifuged for 5 mins at 4000 g.
The red product was then removed from each well and the XTT formazan in the supernatant
was determined spectrophotometrically at 492 nm using a plate reader. The conversion of

the XTT substrate to a soluble coloured formazan product correlates with metabolic activity.

3.2.10 Crystal Violet assay

Biofilm formation was quantified by crystal violet staining. 100 ul of 0.1 % (w/v) crystal
violet was added to each well and incubated at room temperature for 15 mins. The liquid
was poured out and the wells washed with sterile water four times before leaving the plates
to dry for 24 h. After 24 h 100 pl of 30 % acetic acid was added to each well and incubated
for 15 mins. The plate was then spun down at 4000 rpm for 5 mins. The acetic acid/ crystal
violet solution was then read using a plate reader at 550 nm to quantify the biofilms.

Biofilms were also visualised using an Olympus IX81 fluorescence microscope using either
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RFP filter set (488/583 excitation/emission) or using DIC at 20x magnification using an Andor

Xyla 4.2 CMOS digital camera.

3.2.11 Hyphae Extension Measurement

C. albicans strains were grown in YPD overnight at 30 °C with shaking at 180 rpm. The
cultures were diluted to an OD600 nm of 0.5 in RPMI medium with and without 200 mM
NaB supplementation and incubated at 30 °C at 180 rpm. Measurements were taken at
timepoints 2 h, 4 h, and 6 h by pipetting 2 ul of the culture mixed with 2 ul of the ready to
use Calcofluor white stain (1 g/L, Sigma Aldrich) onto a microscope slide. The slide was
covered with a 20 mm by 20 mm cover slip. A single drop of Olympus Immoil-F30CC
immersion oil was applied to the surface of the 100x (1.4 NA) objective lens prior to the
examination under the microscope. Images were captured using an Olympus IX81
fluorescence microscope using either DAPI filter set (350/465 excitation/emission) or using

DIC at 100x magnification using an Andor Xyla 4.2 CMOS digital camera.

3.2.12 Agar Invasion Assay

C. albicans strains were grown in YPD overnight at 30 °C with shaking at 180 rpm. The
cultures were harvested at 1,000 xg for 5 min in a 1 ml centrifuge tube, washed 3x with PBS
and centrifuged at 1,000 xg for 5 min. The cell number was adjusted to 1 x107 cells/ml
(about OD600 nm 0.1) in PBS. The adjusted cells were then exposed to 200 mM NaB for
either 1 h, 6 h or 24 h. The cells were then washed with PBS once, before pipetting a spot of

each sample onto the surface of a 10 cm YPD agar plate. Once dry, the plates were inverted
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and incubated at 37 °C for 2 - 5 days or as soon as hyphae formation (initiation of invasive
growth) could be observed at the edge of the colony. An image of the colony from above
was then taken before the surface of the colony was washed off my gently rubbing the
surface with a gloved finger under running water. The same colony was then imaged after

washing. The invading cells will not have washed off leaving invasive growth visible.

3.2.13 Metastasis Assay

10 x 14 mm sterile silicone leaflets were attached to a modified 24 well plate lid.

1 ml of 50 % Donor Bovine Serum (DBS) was added to a 24 well plate and left for at 30 mins
at 30 °C. This helps with the adherence of cells. Excess 50 % DBS was removed by dipping
the plate lid with the attached leaflets in a new 24 well plate containing 1 ml PBS. The
washed plastics are then transferred to a new 24 well plate containing washed and
resuspended in PBS cells at a density of 3 x 10’ CFU/mL (roughly OD600 nm 1.0) and
incubated 90 mins at 37 °C and 5 % CO; without shaking. Non-adhered cells were removed
by washing twice with PBS as described above. Fresh media with and without 200 mM NaB
was then added to the wells and incubated without shaking at 37 °C for 48 h until a mature
biofilm has formed. Following Biofilm growth on leaflet as above for 48 h the lid plus leaflets
were transferred to a fresh plate containing fresh non-supplemented media. The pate was
then incubated for another 48 h to allow dispersion and formation of a secondary biofilm at
the bottom of the plate. The leaflets were then removed, and media was aspirated from the
well. The secondary biofilm at the bottom of the well can then be quantified by XTT, Crystal

violet stain and microscopy.
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3.2.14 Colony Forming Unit assay/Viability assay

C. albicans strains were grown in YPD overnight at 30 °C with shaking at 180 rpm. The
overnight cultures were washed once with PBS and subsequently used to inoculate RPMI
medium, with or without supplements and pH adjustment, to an OD600 nm of 0.5. The
cultures were then incubated for 1 h at 30 °C at constant shaking at 180 rpm. The number of
cells in a culture was counted under a microscope using a haemocytometer. For 100 %
viability, 300 colony forming units (CFUs) should grow. The plates were incubated at 30 °C
for 48 h prior counting. The percentage viability was determined by the dividing the number

of observed CFUs by the number of expected CFUs and multiplied by 100.

3.2.15 Reactive Oxygen Species (ROS) and Necrosis Assay

C. albicans strains were grown overnight at 30 °C with 180 rpm shaking in YPD medium.
Overnight cultures were inoculated in RPMI at desired pH with or without 200 mM NaB to
an OD600 nm of 0.5. H2DCF-DA at a concentration of 5 pg/ml (stock of 5 mg/ml in DMSO)
were added to all samples before incubating them at 30 °C with constant shaking at 180

rpm for 1 h. Cultures were then washed thrice in sterile 1x PBS and resuspended in 1x PBS
containing 2 pg/ml propidium iodide (PI) stain. H2DCF-DA intensity of cells was analysed
using the BD AccuriTM C6 Plus Personal Flow Cytometer (BD Biosciences). Measurement
events were gated based on forward scatter (FSC) and side scatter (SSC) to identify the yeast
cell population and exclude cellular debris. Singlet yeast cells were subsequently identified
by gating the FSC-A versus FSC-H population to exclude cell aggregates and doublets. This

ensures that only singlet yeast cells were being recorded. The flow cytometer was equipped
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with a blue laser (488 nm) and a red laser (640 nm). The FL1 (533/30 nm) filter was used to
detect the DCF fluorescence (H2DCF-DA) and the FL2 (585/40 nm) filter for propidium iodide
from cells. Approximately 25,000 events were collected per sample and the data was
acquired and analysed using the BD Accuri C6 Plus software. The CGY638 strain (lacking
COX4) was used as positive ROS control (Leadsham et al., 2013), and a heat-killed necrotic

(80 °C for 2 min) C. albicans culture sample was used as a positive PI control.

3.2.16 Cytosolic Calcium concentration measurement using

ApoAequorin luminescence

C. albicans strains expressing aequorin from an integrated plasmid (a kind gift from Prof
Dominique Sanglard) were grown in appropriate medium at 30 °C under constant shaking
after successful transformation (refer to 3.2.3 C. albicans chemical transformation and 3.2.4
Restriction enzyme digest of DNA). Cells were then sub-cultured to mid log-phase around
OD600 nm 0.5 - 0.7. Log- phase cells were then re-suspended at a density of ~108 cells/ml
in fresh SD selective medium. The substrate Coelenterazine (Invitrogen, Thermo Fisher) was
added to a final concentration of 5 uM. As a negative control, cells were treated with the
equivalent volume of solvent (methanol). The samples were incubated in the dark for 5 h at
30 °C before collected by centrifuging at 5000 rpm for 5 min. The samples were washed
three times with PBS, resuspended in 200 pl of medium, and incubated for 30 min in the
dark at 30 °C to reconstitute functional aequorin within the cells. After the incubation, cells
were transferred into a 96 well microplate. Luminescence readings were taken every 1 min
with 40 secs shaking in between each read using a BMG LABTECH FLUOstar OPTIMA or a

BMG LABTECH SPECTROstar Nano plate reader. The gain has been adjusted to 3600. After
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10 cycles to record the baseline luminescence, the plate was ejected to add 50 mM CaCl..

The plate was returned to the plate reader and readings were taken for a further 1 h.

3.2.17 Mitochondrial fragmentation using MitoTracker Green FM

Cells were resuspended at 1076 cells/ml in pH (pH 4, pH 8) adjusted media and incubated
with 200 mM NaB for 1 h. Cells were then washed with PBS three times before incubating
the cultures at room temperature for 30 min with 100 nM of Mitotracker Green FM (1 mM
stock). Cells were washed with 1x PBS before capturing the image using an Olympus IX81
fluorescence microscope using GFP filter set (395/509 excitation/emission) at 100x

magnification using an Andor Xyla 4.2 CMOS digital camera.

3.2.18 Relative GFP intensity as indicator for intracellular pH

The SN250 mtGFP C. albicans strain (Duvenage et al., 2019) was grown overnight in YPD at
30 °C under constant rotation. Cells were sub-cultured to an OD600 nm of 0.2 in a white 96-
well plate for fluorescence work containing appropriate medium with or without stresses
(200 MM NaB and/or 2 uM Antimycin A). Readings were taken every 5 min with shaking in

between at 37 °C. 20 readings (20 cycles) were taken in total.

3.2.19 High Resolution Respirometry
To examine the consumption of oxygen from mitochondria in cell suspensions, the Orobus
02K Oxygraph High Resolution Respirometer was used. For the acquisition and analysis of

data generated, the Datlab 4 software was used. The respirometer was air calibrated using
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1x PBS. C. albicans precultures grown overnight in YPD medium were sub-cultured in pH 4
or pH 8 adjusted RPMI medium to an OD600 nm of 0.1. 2.5 ml of each diluted culture was
then pipetted into one of the two chambers. The chamber stoppers were placed into closed
position and any residual liquid culture was removed. To obtain an accurate oxygen flux/cell
reading, the precise cell concentration was entered into the Datlab4 software. After
obtaining the routine respiration, 200 mM NaB was added either gradually or at once. A5
min interval between the addition of each drug was left to facilitate the detection of a full
drug response. 2 uM Antimycin A (Anti A; 2 mM stock solution in ethanol) (Sigma-Aldrich)

was added after each trial.

3.3 Results

3.3.1 Effect of NaB addition on C. albicans planktonic cells SC5314
First, we wished to assess the effect of NaB addition on planktonic C. albicans cells grown in
rich (YPD) and defined media that promotes hyphal growth (RPMI). The growth of C.
albicans was assessed in YPD and RPMI media supplemented with a range of NaB
concentrations (1 mM, 10 mM, 50 mM, 100 mM, 200 mM, 300 mM, 400 mM) that
represent normal levels found in the gut (Louis and Flint, 2017; Tahara et al., 2018; Yang et
al., 2020; Pant et al., 2023; Andrusaite et al., 2024) as well as levels that have been used in
mammalian studies as potential therapeutic strategies (Jiminez et al., 2017). To compare
the growth curves and assess statistical significance, the areas under the curves (AUCs) were
calculated using GraphPad Prism. Here, the trapezoidal method was applied where each
connecting segment under the growth curve describes a trapezoid. The sum of each

segmental trapezoid forms the total AUC.
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In YPD medium no significant difference in growth was observed between the untreated WT
and 1 mM, 10 mM, 50 mM, and 100 mM NaB C. albicans cultures (Figure 1 A, B). A
significant decrease in growth could be seen at 200 mM and above with treatment at 400
mM resulting in negligible growth (Figure 1 A, B). In RPMI medium, no significant difference
in growth was observed between the untreated WT and 10 mM, and 50 mM NaB treated
cells (Figure 1 C, D). A significant decrease in growth was observed between 100 mM - 400
mM NaB treated cells. However, in contrast to YPD medium no additional reduction in

growth was observed above 200 mM (Figure 1 C, D). Interestingly, a significant difference in

109



A 2.5+
2.0
§ 1 - YPD
- = YPD_1mM NaB
S 1o -+ YPD_10mM NaB
f -+ YPD_50mM NaB
- YPD_100mM NaB
0.54 < YPD_200mM NaB
r = YPD_300mM NaB
L+ YPD_400mM NaB

Time [h]

C 2.5+

2.04

- RPMI
= RPMI_1mM NaB
§ -+ RPMI_10mM NaB
- RPMI_50mM NaB
ges + RPMI_100mM NaB
< RPMI_200mM NaB
= RPMI_300mM NaB
~ RPMI_400mM NaB

OD 600nm
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Figure 1 Growth analysis of SC5314 C. albicans in YPD and RPMI media supplemented with various NaB

concentrations.

The growth analysis was undertaken through 24 h growth curves and AUC data. Each graph represents
an average of three biological repeats. The error bars display the standard deviation. A One-Way ANO-
VA using a Tukey multiple comparison test was used to determine statistical significance. (*) flags levels

of significance compared to the untreated WT.

A) SC5314 Growth curves in YPD media supplemented with various NaB concentrations.

B) SC5314 AUC YPD.

C) SC5314 Growth curves in RPMI media supplemented with various NaB concentrations.

D) 5C5314 AUC RPMI.
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3.3.2 Effect of NaB addition on C. albicans SC5314 biofilms

C. albicans can exist within a mixed-species biofilm within the gut and several resident
bacteria can produce the SCFA butyrate (Wong et al., 2006; Peleg, Hogan and Mylonakis,
2010; Biddle et al., 2013). In addition, butyrate can be found within the diet and
administered as a therapeutic (Liu et al., 2018). We therefore assessed the effect of a range

of butyrate concentrations on the ability of C. albicans to establish a biofilm.

To do this XTT assays and crystal violet assays (CV) were performed after 24 h of growth in
RPMI medium in the presence of a range of concentrations of butyrate. NaB was added at
concentrations between 100 mM — 400 mM after a 90 min attachment phase. The XTT
analysis showed a clear reduction in metabolic activity within the biofilm after
supplementation of 50 mM — 400 mM (Figure 2 A). The CV analysis showed a reduction in
biofilm mass when 200 mM — 400 mM NaB was added. Lower NaB concentrations did not
show any biofilm mass reduction (Figure 2 B). When 50 mM or 100 mM of NaB was
supplemented the XTT value was reduced (Figure 2 A) but CV levels, which represent biofilm

biomass, remained at the same level as untreated cells (Figure 2 B).

To identify any changes in morphology in 24 h C. albicans SC5314 RPMI biofilms formed in
the presence of NaB, widefield fluorescence microscopy was utilised. In line with CV
staining, which labels proteins and glucan within the matrix and cell surface, we did not
observe a difference between control and 100 mM NaB treated biofilms. However, a clear

reduction in biofilm formation was visible at NaB concentrations above 100 mM (Figure 2 C).

Candida biofilms are more resistant to antifungal drugs in comparison to planktonic cells.
This is due to multifactorial reasons, some of which are the independent upregulation of

drug-efflux pumps and the presence of the extracellular matrix which acts as a physical
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barrier but also stabilises the biofilm structure. There are only three classes of antifungal
drugs available for both systemic and superficial fungal infections, one of them being azoles.
In Candida, the stress gene MKC1 is upregulated upon azole exposure and is involved in
drug resistance. The azole resistance through Mkcl — the terminal mitogen-activated
protein kinase of the protein kinase C pathway - is mediated by Hsp90 and calcineurin
(Kumamoto, 2005; Uppuluri et al., 2008; LaFayette et al., 2010; Robbins et al., 2011;
Robbins, Caplan and Cowen, 2017; Kaur and Nobile, 2023). Fluconazole is a commonly used
antifungal drug to treat candidiasis and interrupts the conversion of lanosterol to ergosterol

ultimately leading to disruption of fungal membranes.

After observing a loss of matrix (Figure 2 C), we sought to investigate whether NaB addition

could have an effect on C. albicans SC5314 biofilms sensitivity to fluconazole.

A significant decrease in biofilm growth could be observed when fluconazole was added at
concentrations of 60 pug/ml, 120 pug/ml or 240 pg/ml (Figure 2 D, E). However, no additional

decrease in biofilm growth could be observed in combination with 200 mM NaB (Figure 2 D,
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Figure 2 The effect of NaB on SC5314 24 h biofilm formation in RPMI media.

A, B) XTT and crystal violet (CV) quantifications of 24 h SC5314 biofilms with NaB supplementation after
the attachment phase.

C) CVimages (RFP 488/583 excitation/emission) of 24 h SC5314 biofilms with NaB supplementation after
the attachment phase. Images represent three biological repeats. The scale bar is 10 um and the magnifi-
cation is x20.

D, E) XTT and CV quantifications of 24 h SC5314 biofilms. 200 mM NaB was added after the attachment
phase. Fluconazole concentrations were added after 24 h biofilm growth and incubated for another 24 h.
XTT and CV quantifications represent an average of three biological repeats. The error bars display the
standard deviation. A One-way ANOVA using a Tukey multiple comparison test was used to determine sta-
tistical significance. Non-significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.

113



Once a biofilm is established, yeast cells from the top hyphae layer may detach from the
biofilm and infect other areas. These dispersal cells are elongated yeast cells with enhanced
virulent properties such as increased adhesion and filamentation as well as drug resistance
(Uppuluri, Chaturvedi, et al., 2010; Uppuluri et al., 2018).We therefore sought to investigate
whether NaB had an effect on C. albicans SC5314 dispersion from biofilms. A C. albicans
SC5314 biofilm was grown on plastic leaflets for 48 h in the presence or absence of 200 mM
NaB and 5 % CO, exposure. Secondary biofilm formation because of shedding was then
analysed after another 48 h in the absence of NaB. The XTT analysis revealed a significant
decrease in metabolic activity in the NaB pre-treated secondary biofilm formed after
shedding (Figure 3 A). CV quantification showed a significant loss of biofilm mass in the NaB
pre-treated secondary biofilm formed after shedding (Figure 3 B). CV images confirmed the
loss of biofilm mass in NaB pre-treated secondary biofilm formed after shedding (Figure 3

C).
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Figure 3 C. albicans SC5314 Metastasis assay in RPMI in presence or absence of 200 mM NaB.

C. albicans SC5314 biofilms were grown on plastic leaflets for 48 h in the presence or absence of 200 mM
NaB and 5 % CO, exposure. Secondary biofilm formation as a result of shedding was then analysed after
another 48 h in untreated RPMI media. The data shown represent an average of three biological repeats.
The error bars display the standard deviation. A One-way ANOVA using a Tukey multiple comparison test
was used to determine statistical significance. Non-significant = NS, * = adjusted p-value < 0.05 and *** =
adjusted p value < 0.001.

A) XTT analysis.

B) CV analysis.

C) CVimages (RFP 488/583 excitation/emission) of secondary untreated biofilms or secondary biofilms
after 200 mM NaB treatment, x20 magnification, the scale bar is 10 um.

3.3.3 Effect of NaB addition on C. albicans SC5314 agar invasion

C. albicans is able to invade epithelial cell layers effectively when it transitions to hyphal

growth (Desai, 2018). To investigate whether NaB addition has an effect on C. albicans

115



invasion, an agar invasion assay was performed. The assay was performed on three different
types of media commonly used for biofilm studies: YPD, RPMI, and spider media. C. albicans
SC5314 were incubated with 200 mM NaB for 1 h, 6 h, 24 h before plating on plates lacking
NaB, or constantly exposed where NaB was contained within the agar plates. Colonies were
imaged before washing plates to remove all cells above the agar surface to reveal those that

had invaded into the plate.

On YPD agar, invasion could be observed in both the untreated C. albicans SC5314 control
strain and in NaB-pre-treated colonies. It was noted that the centres of pre-treated colonies
appeared different to the untreated control. However, it is unclear from the images
whether these areas were comprised uninvaded or morphologically different areas (Figure

4).

On RPMI agar, a thick layer of hyphae could be observed at the edges of the untreated
control colony before and after washing (Figure 4). However, strong hyphae filamentation
and invasion could be also observed in NaB-treated colonies, with again some differences in

the centre as observed on YPD (Figure 4).

On spider media, a thick layer of hyphae could be observed at the edges of the untreated
control colony before and after washing (Figure 4). Interestingly, the strongest reproducible
effect of limited hyphae growth could be observed after 1 h of 200 mM NaB exposure
before and after washing (Figure 4). After 6 h NaB exposure, an increase in filamentation
and invasion could be observed which then decreased again after 24 h NaB exposure.
Constant NaB exposure appeared to have similar invasion effects to those observed

following 24 h NaB exposure (Figure 4). This may suggest that NaB pre-treatment can

116



reduce filamentation and invasion in media promoting hyphal transition such as spider

media, however, not in rich media that promotes cell division such as YPD.

Untreated 1h NaB 6h NaB 24h NaB Constant NaB

Before washing

YPD

After washing

Before washing

RPMI

After washing

Before washing

Spider
Media

After washing

Figure 4 C. albicans SC5314 Agar Invasion on YPD, RPMI, and Spider Media agar.

C. albicans SC5314 were incubated with 200 mM NaB for 1 h, 6 h, 24 h, or constantly exposed to 200 mM
NaB agar plates. Cells were adjusted to 1 x 107 cells/ml in PBS and 3 ul of 1 x 107 cells/ml were spotted
onto YPD, RPMI, and Spider media agar plates. Images before and after washing were taken after 3 days
when first signs of invasion became visible. The images above are representative of an average of three
biological repeats.

3.3.4 Effect of NaB addition on hyphae formation of C. albicans
SC5314

Since our results shown above indicate that NaB treatment could reduce invasion of agar

under filamenting conditions and reduce biofilm formation we sought to investigate the
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effect of NaB on hyphal initiation and growth. Cells were incubated in RPMI medium at 37
°C to induce hyphal transition, and the effects of supplementation with 200 mM NaB were
observed over a 6 h period. Calcofluor white was used to visualise the fungal cell wall and
assess morphological changes associated with hyphal initiation and growth. Calcofluor white
binds to B-linked polysaccharides, including chitin and glucans, present in the fungal cell
wall, producing fluorescence that outlines the cells and enables visualisation of their
morphology (Rasconi et al., 2009). Calcofluor white staining therefore allowed
differentiation of yeast-form cells from germ tubes and hyphal structures, with the
appearance and elongation of hyphal extensions used to assess hyphal initiation and
growth. In the untreated C. albicans SC5314 samples, early signs of hyphal formation were
observed after 2 and 4 h, while long hyphal extensions were seen after 6 h (Figure 5). In
contrast, when cells were incubated with 200 mM NaB, hyphal initiation was not observed

over the 6 h experimental period, with cells remaining in the yeast form (Figure 5).

118
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Figure 5 C. albicans SC5314 Filamentation assay in RPMI in presence or absence of 200 mM NaB over
2h,4h,6h.

C. albicans SC5314 were incubated with or without 200 mM NaB for 2 h, 4 h, 6 h in RPMI. Cells were
visualised at x100 magnification under Bright field (BF) or Dapi channel (Calcofluor white stain). Im-
ages represent three biological repeats. The scale bar is 10 um.

3.3.5 Effect of NaB addition on histone acetylation status in planktonic
C. albicans SC5314 cells

NaB has been shown to act as an HDAC inhibitor in several systems. To assess whether NaB
addition induces changes in histone H4 acetylation consistent with HDAC inhibition and to
obtain information of the temporal nature of this action we carried out a western blot to
detect Histone H4 acetylation levels in planktonic C. albicans SC5314 cells. Proteins were

extracted after 0 min, 15 min, 30 min, 60 min, 6 h, and 24 h following 200 MM NaB
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exposure in YPD medium at 30 °C and probed with the anti-rabbit H4 primary antibody and

the anti-rabbit Pgkl loading control.

A rapid increase in the histone H4 acetylation signal could be observed upon NaB exposure
after 30 min until 6 h, before decreasing slightly at 24 h (Figure 6 A, B). However, as total H4
protein levels were not assessed, it cannot be determined whether the observed changes in
H4 acetylation signal reflect altered H4 acetylation, changes in H4 protein abundance, or a
combination of both. The 0 min sample represents the initial baseline following NaB
addition, rather than a time-matched untreated control. As untreated samples were not
included at the corresponding time points, time-dependent changes in H4 acetylation in the

absence of NaB cannot be excluded.

120



A

ladder 0 min 15 min 30 min 60 min

250—
100—
70—
55—
35—
25—

15

- .
o) -

ladder 6h 6h 6h 24h 24h 24h

250—

100—

70—
55—

35—

15—
10—

SC5314 exposure to 200mM NaB in minutes

ladder 0 min 15 min 30 min 60 min
250 —

100 —

25—

15—
10—

ladder6h 6h 6h 24h 24h 24h

45
Pgk1

35—

15—}

————
oo I

Figure 6 Western blot analysis displaying the detection of H4 (A) in a SC5314 background and a
bar chart (B) representing the change in H4 acetylation relative to Pgk1 loading control.

The cells were cultured in YPD media and sampled during log phase of growth at O min, 15 min,
30 min, 60 min, 6 h, 24 h after incubation with 200 mM NaB. Uniform protein loading was en-
sured by probing levels of Pgk1 after probing for H4. This experiment is a representative data set

of three repeats.
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3.3.6 Effect of HDAC deletions and of NaB on SC5314 planktonic and
biofilm growth

As we could see an increase in H4 acetylation in NaB treated C. albicans SC5314 cells, we
wanted to determine whether loss of any particular HDAC gene produced the same
phenotype. To test this, we obtained the following HDAC deletion strains: Asir2 (Class Ill;
part of sirtuin family, NAD* dependent HDAC), Arpd31 (Class |; necessary to initiate
filamentous growth), Ahos2 (Class I; part of the Set3 complex’ core; essential for Set3C
assembly), Ahst1 (Class lll; members of sirtuin family, part of the peripheral part of the Set3
HDAC complex), Ahst2 (Class lll; crucial in morphological transition), Aset3 (Class Ill; Set3 is
an NAD* dependent HDAC, important for morphogenesis), Ahdal (Class Il; important in
hyphal development).

Firstly, we sought to identify the effect of HDAC deletions on growth of planktonic cells. We
therefore conducted a growth curve assay in YPD and RPMI media supplemented with 200
mM NaB.

In YPD media a small but significant decrease in growth, based on AUC values could be seen
in all strains apart from Ahst1, Asir2 and Ahdal compared to the SC5314 wild type (WT)
strain. The more pronounced effect on growth was observed in cells lacking SIR2 (26.6 units)
or HDA1 (26.4 units) (Figure 7 A, B).

In YPD medium supplemented with 200 mM NaB, significant differences in growth based on
AUC values were observed for all strains compared to the untreated YPD WT (Figure 7 B, C,
D). Compared to the NaB treated WT differences in growth were seen in Asir2, and Ahdal
(Figure 7 C, D). Fold change of NaB-treated strains and their corresponding untreated strains
compared to the fold change of treated/untreated WT strain showed only a significant

difference in growth in 4sir2, and Ahda1 (Figure 7 E).
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Figure 7 24 h Growth curve analysis of SC5314 and HDAC deletion strains in YPD media with or without
NaB supplementation.

A) 24 h Growth curves of SC5314 and HDAC deletions strains in YPD media.

B) AUC analysis of 24 h growth curves in YPD.

C) 24 h Growth curves of SC5314 and HDAC deletions strains in YPD media supplemented with 200 mM
NaB.

D) AUC analysis of 24 h growth curves in YPD supplemented with 200 mM NaB.

E) Bar chart representing the fold change of untreated/NaB treated strains.

The data represents an average of three biological repeats. The error bars represent the standard devi-
ation. A One-Way ANOVA using a Tukey multiple comparison test was used to determine statistical sig-
nificance.
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In RPMI medium, 4sir2, Ahdal showed severe growth defects compared to the WT control
(Figure 8 A, B). Aset3 also showed some reduction in growth compared to the WT control
(Figure 8 A, B). 200 mM NaB supplementation led to a significant reduction in growth in the
treated WT control strain compared to its untreated control (Figure 8 C, D). NaB-treatment
showed no effect on growth in Asir2 and Ahda1 strains (Figure 8). Fold change analysis
showed that all strains with the exceptions of SET3 deletion showed a fold change reduction
in growth equivalent to the wild type. These findings suggest that the deletion of SET3 leads
to an insensitivity of C. albicans to exposure of NaB with respect to planktonic growth

(Figure 8 E).
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Figure 8 24 h Growth curve analysis of SC5314 and HDAC deletion strains in RPMI media with or with-

out NaB supplementation.

A) 24 h Growth curves of SC5314 and HDAC deletions strains in RPMI media.

B) AUC analysis of 24 h growth curves in RPMI.
C) 24 h Growth curves of SC5314 and HDAC deletions strains
mM NaB.

in RPMI media supplemented with 200

D) AUC analysis of 24 h growth curves in RPM| supplemented with 200 mM NaB.

E) Bar chart representing the fold change of untreated/NaB treated strains.

The data represents an average of three biological repeats. The error bars represent the standard devi-
ation. A One-Way ANOVA using a Tukey multiple comparison test was used to determine statistical sig-

nificance.
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3.3.7 Effect of HDAC deletions in addition to NaB treatment on biofilm
growth

As we had observed significant effects for NaB addition on biofilm growth, we wished to
determine the effect of combining NaB supplementation with the deletion of HDAC genes.
To do this, XTT and crystal violet assays were performed on biofilms grown in the presence
and absence of 200 MM NaB in RPMI medium. A clear reduction in metabolic activity
compared to the WT could be observed when SIR2, HOS2, HST1, SET3, or HDA1 were
deleted, but not in RPD31 or HST2 deletion strains (Figure 9 A). Significant reduction in
biofilm mass compared to the WT was detected when SIR2, RPD31, HOS2, HST1, HST2, SET3,
or HDA1 were deleted (Figure 9 B). In NaB-treated biofilms reduced metabolic activity
compared to the treated WT could be detected in Arpd31, Ahos2, Ahst1, Ahst2, and Ahdal,
but not in Asir2 and Aset3 strains (Figure 9 C). Reduced biofilm mass compared to the NaB-
treated WT could be observed in 4sir2, Ahst1, and Aset3, but not in Arpd31, Ahos2, Ahst2,
and Ahdal strains (Figure 9 D). Fold change analysis showed that all strains except for the
SET3 deletion had fold change reduction in metabolic activity (XTT) equivalent to the wild
type (Figure 9 E). However, fold change reduction in biomass as seen in the WT were
observed in all strains except for Asir2, Ahos2, and Ahdal. The fold change of the biofilm

mass remained unchanged in the SET3 deletion (Figure 9 F).
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Figure 9 C. albicans SC5314 and HDAC deletions 24 h biofilm quantification with and without NaB using XTT
and CV.

Biofilms were grown in 96 well plates in RPMI media. 200 mM NaB was added to the media after the
attachment phase. XTT (A,C) and CV (B, D) quantifications represent an average of three biological repeats.
Fold changes (E, F) of NaB-treated/untreated biofilms were calculated for both XTT and CV data comparing
to the fold change of the WT. The error bars display the standard deviation. A One-way ANOVA using a Tuk-
ey multiple comparison test was used to determine statistical significance. Non-significant = NS, * = adjust-
ed p-value < 0.05 and *** = adjusted p value < 0.001.
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3.3.8 Effect of HDAC deletions and of NaB on invasion

Next, we investigated how HDAC deletions impact the effect of NaB on agar invasion. On
YPD agar, less invasion could be observed with the untreated and NaB-treated Asir2 and
Ahdal strains when compared to the untreated and NaB-treated WT control (Figure 10 A,
G). No obvious difference in invasion could be observed in the other untreated or treated
deletion strains (RPD31, HOS2, HST1, HST2, SET3) compared to the untreated or treated WT
controls (Figure 10). Colony morphology changes in both untreated and treated colonies
compared to the untreated and NaB-treated WT control could be observed in HOS2 and
SET3 deletions (Figure 10 C, F). It should be noted that the one-hour NaB treatment may not
have been sufficient to elicit a detectable effect. Furthermore, as NaB was not present in
the YPD agar plates, cells were subsequently grown under standard conditions, which may

have limited the ability to observe any sustained effects of NaB treatment.
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Figure 10 C. albicans SC5314 and HDAC deletions Agar Invasion on YPD agar.

C. albicans SC5314 and HDAC deletion strains were incubated with 200 mM NaB for 1 h. Cells were ad-
Justed to 1 x 107 cells/ml in PBS and 3 ul of 1 x 107 cells/ml were spotted onto YPD agar plates. Images
before and after washing were taken after 3 days when first signs of invasion became visible. The imag-
es above are representative of an average of three biological repeats.

A) WT and A sir2 agar invasion comparison.

B) WT and Arpd31 agar invasion comparison.

C) WT and Ahos2 agar invasion comparison.

D) WT and Ahst1 agar invasion comparison.

E) WT and Ahst2 agar invasion comparison.

F) WT and Aset3 agar invasion comparison.

Before washing

After washing

On RPMI agar, no colony growth could be observed for untreated Asir2 and Ahdal strains
before and after washing. Some agar invasion could be detected before and after washing

when A4sir2 or Ahdal strains were treated with NaB for 1 h (Figure 11 A, G).
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No obvious difference in invasion could be observed in the other untreated or treated
deletion strains (RPD31, HOS2, HST1, HST2, SET3) compared to the untreated or treated WT
control (Figure 11). Loss of HOS2 and SET3 seem to affect colony morphology but NaB

addition did not add to this effect (Figure 11 C, F).
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Before washing
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Figure 11 C. albicans SC5314 and HDAC deletions Agar Invasion on RPMI agar.

C. albicans SC5314 and HDAC deletion strains were incubated with 200 mM NaB for 1 h. Cells were ad-
justed to 1 x 107 cells/ml in PBS and 3 ul of 1 x 107 cells/ml were spotted onto RPMI agar plates. Imag-
es before and after washing were taken after 3 days when first signs of invasion became visible. The
images above are representative of an average of three biological repeats.

A) WT and A sir2 agar invasion comparison.

B) WT and Arpd31 agar invasion comparison.

C) WT and Ahos2 agar invasion comparison.

D) WT and Ahst1 agar invasion comparison.

E) WT and Ahst2 agar invasion comparison.

F) WT and Aset3 agar invasion comparison.

G) WT and Ahdal agar invasion comparison.
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3.3.9 Effect of HDAC deletions and of NaB on filamentation

To obtain a better understanding of which class of HDACs NaB inhibits in C. albicans we
carried out widefield microscopy on NaB-treated and non-treated HDAC deletions strains
over a time course of 2-6 h in RPMI medium at 37 °C. Our images showed that hyphae
induction was prevented in all NaB-treated HDAC deletion strains as in the SC5314 control,
so we could not identify a clear HDAC target of NaB (Figure 12). Interestingly, neither
untreated nor NaB-treated Asir2 (Figure 12 B), and Ahda1 (Figure 12 H) cells were able to
form hyphae over a time frame of 6 h. This is in accordance with our observations in agar
invasion assays (Figure 11 A, G). Induction of hyphae formation could be seen after 2 h of
growth in RPMI, and upon 6 h growth in RPMI long hyphae extensions were visible in

untreated Arpd31, Ahos2, Ahstl, Ahst2, and Aset3 (Figure 12 C-G).

133



o Cakofiuor white

A

WKSIA N
wreated

SCSI34 2h Nab
trested

KA
urreated

YCIN14 A Nt
Vested

WA
welieated

WS04 6A N
Vested

Arpd312h
untreated

Arpd31 2h
NaB
treated

Arpd314h
untreated

Arpd314h
NaB
treated

Arpd316h

untreated

Arpd31 6h
NaB
treated

Caleofiuor White

Asir2 2h
untreated

Asir2 2h
NaB
treated

Asir2 4h
untreated

QAsir2 4h
NaB
treated

QAsir2 6h
untreated

Asir2 6h
NaB
treated

(L8 Caleofuor Whae

D

Ahos22h
untreated

Ahos2 2h
NaB
treated

Ahos2 4h
untreated

Ahos24h
NaB
treated

Ahos2 6h
untreated

Ahos2 6h

NaB
treated

134



o Ccofluete Whte ]9 CalcoBuor Whine

E F
Ahst1 2h Ahst22h
untreated untreated
Ahst1 2h Ahst22h
NaB NaB
treated treated
Ahst? 4h Ahst2 4h
untreated untreated
Ahst? &4h Ahst24h
NaB NaB
treated treated
Ahst? 6h Ahst26h
untreated untreated
Ahst1 6h Ahst26h
NaB NaB
treated treated

G H
Aset3 2h Ahdal2h
untreated untreated
Aset3 2h Ahdal2h
NaB NaB
treated treated
Aset3 4h Ahdal4h
untreated untreated
Aset3 4h Ahdat 4h
NaB NaB
treated treated
Aset3I6h Ahdal 6h
untreated untreated
Aset3 6h Ahdal éh
NaB NaB
treated treated

135



Figure 12 C. albicans SC5314 and HDAC deletion strains filamentation assay in RPMI in presence or
absence of 200 mM NaBover 2 h, 4 h, 6 h.

C. albicans SC5314 and HDAC deletion strains were incubated with or without 200 mM NaB for 2 h, 4
h, 6 h in RPMI. Cells were visualised at x100 magnification under Bright field (BF) or Dapi channel
(Calcofluor white stain). The scale bar is 10 um. The image represent three biological repeats.

A) Filamentation images of WT

B) Filamentation images of Asir2

C) Filamentation images of Arpd31

D) Filamentation images of Ahos2

E) Filamentation images of Ahst1

F) Filamentation images of Ahst2

G) Filamentation images of Aset3

H) Filamentation images of Ahdal

3.3.10 Effect of combining Set3C HDAC component deletion with
NaB exposure on H4 acetylation dynamics

Set3, Hst1 and Hos2 are the HDACs that are found within the Set3C complex, a seven-
member complex with Set3, Hos2, Snt1 and Sif2 forming part of the core and are crucial for
the assembly of the complex, whilst Hos4, Hst1 and Cprl a peripheral member of the
complex. The Set3C complex has been directly linked to the regulation of the biofilm
regulatory network as it can control the activity of five of the six core biofilm regulatory
transcription factors NRG1, BRG1, TEC1, NDT80, and ROB1 (Garnaud et al., 2016).In
addition, Set3C can control the expression of Nrgl, which is involved in the regulation of
cellular dispersion (Uppuluri, Pierce, et al., 2010). We decided to investigate whether the
pattern of HDAC activity observed upon deletion of SET3, HST1 or HOS2 was affected by
NaB treatment and may suggest a target for its action. To investigate histone H4 acetylation
status in planktonic C. albicans HDAC deletion cells, Western blotting was carried out.
Proteins were extracted immediately following NaB addition (0 min), and after 15 min, and

30 min following 200 mM NaB exposure in YPD medium at 30 °C and probed with the anti-
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rabbit H4 acetylated primary antibody and the anti-rabbit Pgk1 loading control. An increase
in the histone H4 acetylation signal could be observed upon NaB exposure after 15 min and
increased further after 30 min NaB exposure in Ahst1 (Figure 13 A, B). No clear increase in
the H4 acetylation signal could be seen in Aset3 within 30 min of NaB exposure (Figure 13 A,
B). A relatively high H4 acetylation signal was observed in Ahos2 compared to the SC5314
control (Figure 6), but no increase could be detected upon NaB exposure (Figure 13 A, B).
The 0 min sample represents the initial baseline following NaB addition, rather than a time-
matched untreated control. As untreated samples were not included at the corresponding
time points, time-dependent changes in H4 acetylation in the absence of NaB cannot be
excluded. Furthermore, as total H4 protein levels were not assessed, changes in the H4
acetylation signal cannot be distinguished from changes in total H4 abundance. The

corresponding SC5314 experiment is shown in Figure 6.
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Figure 13 Western blot analysis displaying the detection of H4 (A) in a HDAC deletion strains
(HOS2, HST1, SET3 deletions) and a bar chart (B) representing the change in H4 acetylation rela-
tive to Pgk1 loading control.

The cells were cultured in YPD media and sampled during log phase of growth at 0 min, 15 min
and 30 min of 200 mM NaB incubation. Uniform protein loading was ensured by probing levels
of Pgk1 after probing for H4. This experiment is a representative data set of three repeats.

Taken together, the observed differences in H4 acetylation following NaB exposure suggest
that the Set3C components may have distinct roles in the regulation of H4 acetylation. The
increase in H4 acetylation observed in Ahst1 following NaB exposure was not observed in
Aset3 or Ahos2, while Ahos2 exhibited a higher H4 acetylation signal under basal conditions
compared with the SC5314 control. This may indicate that Hst1 contributes to the

regulation of H4 acetylation in response to NaB, whereas deletion of SET3 or HOS2 does not
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result in a comparable response within the time frame examined. However, the absence of
time-matched untreated controls and measurements of total H4 means that changes in H4
acetylation cannot be attributed exclusively to NaB exposure. The results therefore provide
an indication of differential effects of Set3C component deletion on H4 acetylation
dynamics, but do not establish a direct role for individual components in the response to

NaB.

3.3.11 Effect of TF deletions and of NaB on SC5314 planktonic and

biofilm growth

The deletion of HDAC genes leads to a range of effects on C. albicans growth, suggesting
that they provide a key point of regulation. We have observed that loss of core Set3C
complex components leads to a loss of the expected increased H4 acetylation upon NaB
exposure, suggesting that NaB action upon HDAC regulation of key transcription factors may
underpin the morphological effects that we have observed.

We therefore investigated the effects of deleting transcription factors that are important in
hyphae and biofilm formation in C. albicans using deletion strains: Aefg1, Anrg1, Atecl,
Andt80, and Arob1. The wild type SN152 was used for comparison. We first investigated the
effect of NaB on growth in transcription factor deletion strains in a planktonic system grown
in RPMI for 24 h. Growth curve analysis showed that there was no significant difference in
growth compared to the WT SN152 in Aefg1, Anrg1, Atecl, and Arob1. Significant difference
in growth compared to the WT SN152 was detected in Andt80 (Figure 14 A, B). When
treated with 200 mM NaB significant growth differences compared to the WT SN152 could

be seen in Andt80, and Arob1 (Figure 14 C, D). No difference in growth compared to the
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NaB-treated WT SN152 was detected in NaB-treated Aefg1, Anrg1, or Atecl (Figure 14 C, D).
Fold change analysis demonstrated that all strains showed the same fold change reduction
in growth as the WT except for Arob1 which showed further decrease in growth compared

to the WT (Figure 14 E).
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Figure 14 24 h Growth curve analysis of Sn152 and TF deletion strains in RPMI media with or without
NaB supplementation.

A) 24 h Growth curves of Sn152 and TF deletion strains in RPMI media.

B) AUC analysis of 24 h growth curves in RPMI of Sn152 and TF deletion strains.

C) 24 h Growth curves of Sn152 and TF deletion strains in RPMI media supplemented with 200 mM
NaB.

D) AUC analysis of 24 h growth curves in RPMI supplemented with 200 mM NaB of Sn152 and TF dele-
tion strains.

E) Bar chart representing the fold change of untreated/NaB treated strains.

The data represents an average of three biological repeats. The error bars represent the standard devi-
ation. A One-way ANOVA using a Tukey multiple comparison test was used to determine statistical sig-
nificance. Non-significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.
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3.3.12 Effect of TF deletions in addition to NaB treatment on biofilm
growth

As we had observed significant effects for NaB addition on biofilm growth in SC5314, we
wished to determine the effect of NaB supplementation on TF deletions. To do this XTT and
crystal violet assays were performed on biofilms grown in the presence and absence of 200
mM NaB in RPMI medium. No reduction in metabolic activity compared to the WT SN152
could be observed in Aefg1, Anrgl, Atecl, Andt80, or Arob1 (Figure 15 A). Significant
reduction in biofilm mass compared to the WT was detected when ROB1 was deleted

(Figure 15 B).

In NaB-treated biofilms, no reduction in metabolic activity compared to the WT SN152 was
observed in Aefgl, Anrg1, Atecl, Andt80, or Arob1 (Figure 15 C). However, reduced biofilm
mass compared to the NaB-treated WT was observed in Atec1 and Arob1 (Figure 15 D). Fold
change analysis revealed that there were no significant differences in metabolic activity in
all strains (Figure 15 E). However, fold change reduction in biomass as seen with the WT
were observed in all strains except for Atec1, which showed a significant fold change

reduction in biomass compared to the WT (Figure 15 F).

142



C ™ D
03] | -
502' § "
4ia 0.5
CeS PSP " e
A A A A ‘\’ ‘\' é \‘\’
SEAAS @fa‘,@*ew
Strains Strains
E > F
3 1.54 '-’- E
= — s 1.0+ -
§ - é 0.8-
+ : 4 0.6-
Eo J § 0.4-
R o
3 & 0.2-
5
g ™ E 0.0-
wo & Q& o ‘\0 4\0 (ﬁ
&9“ >‘\& O f o y q\ 9&0"
Strains Strains

Figure 15 C. albicans of Sn152 and TF deletion strains 24 h biofilm quantification in RPMI with and
without NaB using XTT and CV.

Biofilms were grown in 96 well plates in RPMI media. 200 mM NaB was added to the media after the
attachment phase. XTT (A,C) and CV (B, D) quantifications represent an average of three biological re-
peats. Fold changes (E, F) of NaB-treated/untreated biofilms were calculated for both XTT and CV data
comparing to the fold change of the WT. The error bars display the standard deviation. A One-way
ANOVA using a Tukey multiple comparison test was used to determine statistical significance. Non-
significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.
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3.3.13 Effect of pH on NaB action in SC5314 C. albicans

SCFAs are produced in the colon through fermentation of dietary fibres and saccharides by
bacteria causing weakly acidic conditions in the intestinal tract. The pH in the human
gastrointestinal tract ranges from fairly acidic (pH 1.0 - 2.0) in the stomach to less acidic pHs
in the duodenum (pH 6.1), small intestine (pH 7.1 - 7.5), and large intestine (pH 7.0)
(Yamamura et al., 2023). We were interested in investigating the effect of NaB in C. albicans
at different pHs over a time period of 4 h. Widefield microscopy showed that NaB could
prevent hyphae formation in C. albicans SC5314 grown in RPMI at the pHs of 8.0, 7.0, and
4.0. At pH 4.0 over a time period of 4 h, we also could observe misshapen cells in NaB-
treated samples that we suspected may represent a dead cell population which was not
detected in untreated and NaB-treated samples at pH 8.0 and 7.0 (Figure 16 A). In line with
this, we could show that 200 mM NaB-treated C. albicans grown in RPMI at pH 4.0 had a
reduced colony forming efficiency (CFU) of about 50 %, whilst untreated C. albicans grown
in RPMI at pHs 8.0, 7.0, and 4.0 had a CFU of about 100 % (Figure 16 B). Flow cytometry
analysis further revealed that high ROS levels, assessed by fluorescence output of the
indicator dye H.DCF-DA, were present in almost the entire population of C. albicans cells
grown in RPMI at pH 4.0 in the presence of 200 mM NaB. However, cells grown in RPMI at
pH 8.0 with or without NaB or untreated cells grown at pH 4.0 showed low ROS
accumulation in almost 100 % of the population (Figure 16 C). The co-staining of cells with
the propidium iodide showed that treatment of cells at either pH 8.0 or 4.0 was not

associated with necrosis (Figure 16 C).
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Figure 16 pH dependent effects of 200 mM NaB on C. albicans of SC5314.

SC5314 cells were grown in standard RPMI until log phase before being grown in pH adjusted
RPMI media in the presence or absence of 200 mM NaB for 4 h. The data sets represent an aver-
age of three biological repeats. The error bars display the standard deviation. A One-way ANOVA
using a Tukey multiple comparison test was used to determine statistical significance. Non-
significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.

A) Widefield microscopy images of untreated and NaB-treated SC5314 cultured in pH 8.0, pH 7.0
or pH 4.0.

An Olympus 1X81 inverted microscope was used to visualise the cells and an Andor’s Zyla 4.2 PLUS
SCMOS camera was used to capture all images. An Olympus 100x objective lens (NA = 1.4) was
used to visualise cells from the sample. A halogen light source was used to capture DIC images.

B) Colony forming efficiency (CFU) of untreated and NaB-treated SC5314 grown in pH 8.0 or pH
4.0 RPMI before being plated onto standard RPMI plates.

C) Flow cytometry analysis of ROS and viability of untreated and NaB-treated SC5314 at pH 8.0
and pH 4.0. Cells were gated allowing to select “singlet” cells rather than “doublets” or clumps of
cells. On the X-axis PerCP-A indicates viability or cell death (Pl stain), and the Y-axis was labelled
H2DCFDA-A to detect ROS accumulation. FITC-A described the Pl or H2DCFDA fluorescence detect-
ed via the FL1 detector (533/30).
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Elevated levels of ROS have been linked to mitochondrial dysfunction and are a recognised
marker for cell stress in yeast (Carmona-Gutierrez et al., 2018). We therefore examined
whether the addition of NaB at pH 4.0 and pH 8.0 led to effect on mitochondrial
morphology using the mitochondrial stain Mitotracker Green FM. At pH 8.0 untreated
dividing yeast cells displayed the expected mixture of tubular, fused, and fragmented
mitochondria. A more fragmented appearance was observed over a time frame of 1 h upon
200 mM NaB treatment (Figure 17 A). At pH 4.0 mitochondrial fragmentation could be
observed in untreated and NaB-treated cells (Figure 17 B). Surprisingly, after 1 h 200 mM
NaB incubation the Mitotracker Green signal could no longer be visualised (Figure 17 B). As
Mitotracker Green requires the presence of a membrane potential to accumulate fluoresce,
the loss of signal may indicate that NaB treatment at 200 mM leads to a rapid depolarisation
of mitochondrial inner membrane potential, which is commonly linked to the accumulation

of ROS (Zhao et al., 2019).

A sudden drop in the activity of the electron transport chain may result in the acidification
of the mitochondrial matrix as protons are no longer pumped across the inner membrane to
maintain a membrane potential. GFP fluorescence intensity can be used to indicate pH in
living cells (Kneen et al., 1998) and so we made use of a mitochondrial matrix targeted GFP
(mtGFP) C. albicans to test whether matrix pH was affected by NaB addition at pH 4.0 and
pH 8.0. Antimycin A is a complex Il inhibitor that leads to loss of mitochondrial membrane
potential and ROS accumulation, we used this inhibitor as a positive control. We observed a
small drop in relative mtGFP intensity over time at pH 8.0 and this was increased with
addition of 200 mM NaB. Treatment with antimycin A also led to a drop in relative mtGFP
intensity indicating that inhibition of respiration is linked to an expected reduction in pH.

Combined treatment of NaB and antimycin A showed a similar decrease in relative mtGFP
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intensity when compared to antimycin A treatment alone (Figure 17 C). When we measured
the relative mtGFP intensity in cells at pH 4.0, a decrease in GFP could be observed
compared to the mtGFP intensity at pH 8.0 (Figure 17 C, D). When treated with 200 mM
NaB at pH 4.0 the GFP intensity further decreased compared to that observed in NaB
treated pH 8.0 samples (Figure 17 C). Treatment with antimycin A also caused a decrease in
relative GFP intensity at pH 4.0, similar to the antimycin A pH 8.0 sample (Figure 17 C).
When both NaB and antimycin A were added to C. albicans at pH 4.0 a further decrease in

mtGFP intensity was observed (Figure 17 C).
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Figure 17 pH dependent effects of 200 mM NaB on mitochondria in C. albicans of SC5314.

SC5314 cells were grown in standard RPMI until log phase before being grown in pH adjusted
RPMI media in the presence or absence of 200 mM NaB for 15 min or 1 h. The mitotracker green
FM (detection at 490/516 nm) was used to stain the inner mitochondrial membrane. The data sets
represent an average of three biological repeats. The error bars display the standard deviation.
A,B) DIC and GFP microscopy images of the inner mitochondrial membrane of untreated and NaB-
treated SC5314 cultured in pH 8.0 (A) or pH 4.0 (B). Cells were visualised at x100 magnification
under Bright field (BF) or GFP channel (Mitotracker green FM). The scale bar is 10 um. The images
represent three biological repeats.

C, D) Relative GFP intensity as an intracellular pH indicator of untreated, NaB or antimycin A (2
uM)-treated SC5314 cultured in pH 8.0 (C) or pH 4.0 (D).

As mitochondrial membrane potential is a direct consequence of electron transport chain
activity, we sought to determine the effects of NaB addition on respiration in C. albicans.

Following NaB addition we made use of Antimycin A addition to determine whether
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electron transport chain activity remained after NaB addition. We assessed respiration
levels of SC5314 C. albicans cell treated with 200 mM NaB over a 30-minute time period.
Our data indicates that 200 mM treatment led to 74 % reduction in respiration within 30
mins of addition, which is consistent with a loss of membrane potential, matrix acidification
and conditions that may lead to ROS production. The following addition of Antimycin A led a
to a further decrease (16 %) indicating that some (10 %) electron transport chain function
remained after 30 mins. (Figure 18 A, B). Interestingly, in contrast to the effects of acute
addition at high levels, when we added 200 mM of NaB gradually (20 mM), an increase in
respiration of 17 % could be observed after 40 min which continued until the final NaB
concentration of 200 mM was reached. At this point an increase in respiration of 44 % was
achieved compared to the starting point at time 1.06 h. The addition of Antimycin A led to a
decrease in respiration of 129 % leaving only 15 % NMR (non-mitochondrial respiration)

respiration (Figure 18 C, D).
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Figure 18 Respirometry profile of NaB-treated C. albicans.

The oxygen flux per cell (pmol/s*Mill) is shown as the green line whereas the blue line represents the
oxygen concentration. The “Routine” phase indicates the steady state oxygen flux. 200 mM NaB and
2 uM AntA were added to the chambers in order to analyse individual components of the respiratory
chain. The data shown represents an average of three biological repeats and the error bars indicate
the standard deviation.

A, B) whole 200 mM NaB dosage administration.

C,D) gradual 20 mM NaB dosage administration until full 200 mM dosage was reached.
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A loss of mitochondrial function has been linked to an increased sensitivity to oxidative
stress in yeast (Grant, Maclver and Dawes, 1997; Bambach et al., 2009) and the
accumulation of ROS has been linked to a loss in calcium regulation and overload within the
matrix (Brookes et al., 2004).We therefore sought to investigate if NaB-treated cells at pH
4.0 are more sensitive to addition of additional oxidative stress and calcium. SC5314 C.
albicans were exposed to 200 mM NaB for 15 min, 30 min, or 60 min prior 24 h growth in

YPD (pH 4.0) containing 5 mM H20; or 50 mM CaCl,.

No significant difference in the AUC could be observed upon treatment with 50 mM CaCl,
condition when compared to the control, however, there was a significant decrease in

growth when 5 mM H,0; was added to the medium (Figure 19 A).

After 15 min NaB exposure prior to the growth assay, a significant decrease in growth could

be observed in the NaB-treated sample compared to the pH 4.0 control (Figure 19 A).

When comparing the 15 min NaB-treated samples to their untreated 5 mM H;0; or 50 mM
CaCly sample controls, no significant difference in growth could be observed for either

(Figure 19 A).

A significant decrease in growth could be observed in SC5314 C. albicans when cells were
treated with 200 mM NaB for 30 min prior to the growth assay at pH 4.0 compared to the
untreated control at pH 4.0 (Figure 19 B). A significant decrease in growth occurred when 30
min NaB treated cells were grown in the presence of either 5 mM H;0; or 50 mM CaCl; at
pH 4.0 compared to their untreated 5 mM H;0; or 50 mM CacCl; controls, respectively

(Figure 19 B).
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A significant decrease in growth and an increased lag phase could be observed in SC5314 C.
albicans when cells were treated with 200 mM NaB for 60 min prior to the growth assay at
pH 4.0 compared to the untreated control at pH 4.0 (Figure 19 C). Almost no growth could
be observed in 60 min NaB treated cells grown in YPD medium containing either 5 mM H;0;
or 50 mM CaCl; at pH 4.0 compared to their untreated H,0; or CaCl; controls, respectively

(Figure 19 C).

In summary, we observed an increase in growth decline of SC5314 C. albicans the longer we
incubated the cells in 200 mM NaB at pH 4.0. 200 mM NaB treated SC5314 C. albicans were

also more stress sensitive the longer the NaB-exposure was (Figures 19 A-C).
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Figure 19 Growth analysis of C. albicans after 15, 30 or 60 min of 200 mM NaB-treatment at pH 4.0.
C. albicans were incubated in YPD media containing 200 mM NaB for 15, 30 or 60 min prior the 24 h
growth assay.

A) 24 h growth curve analysis at pH 4.0 after 15 min NaB-treatment and with or without the addition
of 5 mM H,0, or 50 mM Cadl..

B) 24 h growth curve analysis at pH 4.0 after 30 min NaB-treatment and with or without the addition
of 5 mM H,0, or 50 mM Cadl..

C) 24 h growth curve analysis at pH 4.0 after 60 min NaB-treatment and with or without the addition
of 5 mM H,0, or 50 mM Cadl..

The data shown represent an average of three biological repeats. The error bars display the standard
deviation. A One-way ANOVA using a Tukey multiple comparison test was used to determine statisti-
cal significance. Non-significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.
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The regulation of calcium homeostasis has been linked to mitochondrial function, ROS
accumulation and viability. We therefore sought to investigate whether intracellular
calcium homeostasis was perturbed in NaB-treated cells grown in RPMI at pH 8.0 and pH
4.0. To do this, we exploited the Aequorin system (Sanglard, 2021), which provides a
fluorescence readout of cytosolic calcium levels in C. albicans. As a positive control 5 mM
H,0,, which is reported to increase calcium levels detected by the Aequorin protein was

used (Popa et al., 2010).

As expected, a spike or increased intracellular calcium was observed when 5 mM H,0; was

added at both pH 8.0 and 4.0 (Figure 20 A, B).

However, this increase in intracellular calcium returned to baseline levels after a few
minutes, indicating the cells activity to maintain cytosolic calcium levels (Figure 20 A, B).
When 200 mM NaB was added at pH 8.0 a larger spike of increased intracellular calcium was
observed than with 5 mM H,0. This increase was also returned to baseline levels after a

few minutes (Figure 20 A).

Interestingly, over the time course of 3 h a few smaller spikes could be identified which may
indicate that the cells still experienced smaller bursts of increased intracellular calcium after
NaB-treatment (Figure 20 A). When 200 mM NaB was added at pH 4.0 increased
intracellular calcium could be measured. However, this time intracellular calcium levels
were not returned to baseline levels over the course of the assay, indicating a loss of

homeostasis (Figure 20 B).
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Figure 20 Effect of 200 mM NaB and other oxidative stresses on Calcium homeostasis in SC5314 C. albi-
cans.

SC5314 cells were grown in appropriate media to mid log phase. Log- phase cells were then re-
suspended at a density of 8108 cells/ml in fresh SD selective medium supplemented with 5 uM of the
substrate Coelenterazine. Stresses were added after baseline reading were taken. The data sets repre-
sent an average of three biological repeats. The error bars display the standard deviation.

A) Aequorin luminescence curve at 469 nm measuring intracellular CaCl, levels at pH 8.0.

B) Aequorin luminescence curve at 469 nm measuring intracellular CaCl, levels at pH 4.0.

3.3.14 Calcium chelation or catalase overexpression prevents NaB

induced cell death at pH 4

Our previous data suggested that 200 mM NaB may cause an imbalance of intracellular
calcium at pH 4.0 but not at pH 8.0. We could observe high ROS accumulation and a
decrease in CFUs at pH 4.0 and 200 mM NaB treatment (refer to Figure 16). We also
observed lower relative GFP intensity indicative for lower intracellular pHs and generally a
downward trend in intracellular pH after the addition of 200 mM NaB at pH 4.0 (refer to
Figure 17). We, therefore, repeated flow cytometry, CFU and intracellular pH analysis using

BAPTA-AM- a calcium chelator.
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CFU analysis revealed that the observed decrease in CFUs at pH 4.0 when 200 mM NaB was
added (Figures 16 B) could be restored to about 85 % with the addition of 50 uM BAPTA-AM
in SC5314 cells (Figure 21 A).

We further repeated measuring intracellular pH through relative GFP intensity after the
addition of BAPTA-AM: A clear downward trend in intracellular pH was observed after the
addition of 200 mM NaB compared to the untreated pH 4.0 intracellular pH curve (Figures
17 D, 21 B). An even more pronounced downward trend in intracellular pH was observed
after the addition of 2 uM Antimycin A and 200 mM NaB (Figures 17 D, 21 B). The addition
of 50 uM BAPTA-AM was able to restore this downward trend in intracellular pH after NaB
and/or Antimycin A treatment at pH 4.0 (Figure 21 B).

Previous flow cytometry analysis showed that, almost the entire population of C. albicans
cells grown in RPMI at pH 4.0 in the presence of 200 mM NaB had high ROS levels (Figure 16
C). 50 uM BAPTA-AM was able to cancel ROS accumulation in NaB treated cells at pH 4.0
(Figure 21 C). This could also be seen in catalase CTA1 overexpression cells, but not in CAT1
deletions cells (Figure 21 C). In Figure 21 D we summarised the ROS and cell viability data
obtained for pH 8.0 and pH 4.0 conditions in the absence or presence of 200 mM NaB

and/or prior 50 uM BAPTA-AM treatment.
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Figure 21 Effect of CaCl, chelation on pH dependent antifungal activities of NaB.

SC5314 or CAT1 deletions cells were grown in standard RPM| until OD600 0.3 before being incubated with
50 uM BAPTA-AM for 3 h. Cells were then grown in pH adjusted RPMI media in the presence or absence of
200 mM NaB. The data sets represent an average of three biological repeats. The error bars display the
standard deviation. A One-way ANOVA using a Tukey multiple comparison test was used to determine sta-
tistical significance. Non-significant = NS, * = adjusted p-value < 0.05 and *** = adjusted p value < 0.001.
A) Colony forming efficiency (CFU) of untreated and NaB-treated SC5314 grown in pH 8.0 or pH 4.0 RPMI
before being plated onto standard RPM| plates.

B) Relative GFP intensity as an intracellular pH indicator of untreated, NaB or antimycin A (2 uM)-treated
SC5314 cultured in pH 4.0.

C) Flow cytometry analysis of ROS and viability of untreated and NaB-treated SC5314 at pH 8.0 and pH
4.0. Cells were gated allowing to select “singlet” cells rather than “doublets” or clumps of cells. On the X-
axis PerCP-A indicates viability or cell death (Pl stain), and the Y-axis was labelled H2DCFDA-A to detect
ROS accumulation. FITC-A described the Pl or H2DCFDA fluorescence detected via the FL1 detector
(533/30).

D) Graphical depiction of ROS and cell viability flowcytometry data in %.
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3.4 Discussion

ALS studies have shown that butyrate-producing bacteria, e.g. Roseburia intestinalis and
Eubacterium rectale (Niccolai et al., 2021), and enzymes involved in butyrate metabolism
pathways are found at significantly lower levels in ALS patients when compared to healthy
controls (Hertzberg et al., 2022). Furthermore, evidence suggests that fungal infections may
promote ALS disease as many fungi produce neurotoxins that can promote motor neuron
degeneration (Castanedo-Vazquez et al., 2019; French, Ludowyke and Guillemin, 2019). In
the present study we sought to further investigate the pH-dependent mode of action of the
antifungal effects of butyrate on C. albicans and considered this within the context of gut

dysbiosis as an important feature of ALS pathology.

The human gastrointestinal tract is continuously exposed to the external environment
through the ingestion of foods. Various pHs are distributed in the human gastrointestinal
tract ranging from fairly acidic (pH 1.0-4.0) in the stomach to less acidic pHs in the
duodenum (pH 6.1), small intestine (pH 7.1-7.5) and large intestine (pH 7.0) (Yamamura et
al., 2023). This pH gradient serves as a first-line of defence to supress pathogen overgrowth
in the gut (Yamamura et al., 2023), but also serves to partition microbial species within

regions of the gut (Duncan et al., 2009).

SCFAs are produced in the colon through fermentation of dietary fibres and saccharides by
bacteria causing weakly acidic conditions in the intestinal tract. In acidic conditions butyrate
is mainly found as its protonated form butyric acid whilst a small proportion will be present

as butyrate ion (conjugated base).
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We, therefore, tested antifungal effects of butyrate in both neutral (pH 8, butyrate ion
form) and acidic (pH 4, protonated form butyric acid) conditions.

At pH 8 we found that butyrate supplementation can prevent growth of SC5314 C. albicans
in both planktonic and biofilm modes of growth. In addition, NaB could prevent hyphae
formation in SC5314 C. albicans as well as reduce biofilm mass in both primary biofilms and
secondary biofilms in an HDAC inhibitory manner. Butyrate is known to act as an HDAC
inhibitor (Davie, 2003; Sekhavat, Sun and Davie, 2007) and we were able to show that its
application within our experimental approach led to rapid and sustained Histone H4
acetylation. HDAC inhibition has been shown to play a crucial role in the regulation of C.
albicans pathogenicity. For example one study demonstrated that the HDACs HOS1 and
RPD31 were not crucial in morphogenesis in C. albicans, whilst HOS2 and HDA1 were
important in the yeast-to-hyphae switch (Zacchi, Schulz and Davis, 2010). Another study on
C. albicans demonstrated that modulation of H3 acetylation may be used for antifungal
treatment (Wurtele et al., 2010). In line with the role that HDAC inhibition plays in C.
albicans morphogenesis, we showed that filamentation was blocked upon its application.
The yeast-to-hyphae switch in C. albicans is a well-known virulence trait (Mitchell, 1998) and
has been proposed to be supressed by butyrate via inhibition of genes relevant for the
switch (Hnisz et al., 2010; Wurtele et al., 2010; Zacchi, Schulz and Davis, 2010; Nguyen et al.,
2011). Here we attempted to determine the role of specific HDAC inhibition in growth,

hyphal formation, biofilm formation and invasion.

Our data suggests a role for the Set3C complex in the action of butyrate as an HDAC

inhibitor. A loss of HDAC SET3 may lead to an insensitivity to NaB for growth, metabolic
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activity, but not biomass. One possibility is that Set3 may be a target of NaB in its role as an

HDAC inhibitor.

Set3, Hstl, and Hos2 are the HDACs that are found within the Set3C complex, a seven-
member complex with Set3, Hos2, Snt1 and Sif2 forming part of the core and are crucial for
the assembly of the complex, whilst Hos4, Hst1, and Cprl a peripheral member of the
complex. In the absence of the core Set3C complex, NaB exposure did not increase H4
acetylation, suggesting the Set3C complex to be a putative target for NaB as an HDAC

inhibitor.

The Set3C complex has been directly linked to the regulation of the biofilm regulatory
network as it can control the activity of five of the six core biofilm regulatory transcription
factors Nrgl, Brgl, Tecl, Ndt80, and Rob1 (Garnaud et al., 2016). In addition, Set3C can
control the expression of, Nrgl, which is involved in the regulation of cellular dispersion
(Uppuluri, Pierce, et al., 2010). The TEA/ATTS transcription factor Tecl is crucial for hyphae
formation (Schweizer et al., 2000) and biofilm formation (Finkel and Mitchell, 2011; Nobile
et al., 2012; Pierce et al., 2013). Additionally, inactivating the Tecl and Efgl genes
influences matrix composition and deposition, and biofilm morphology (Daniels et al., 2015;
Panariello et al., 2017). Interestingly, we showed that loss of Tecl increased the efficacy of
NaB in inhibiting biofilm matrix production. This synthetic interaction may suggest that NaB

targets processes that are regulated by Tecl1 within biofilm formation.

C. albicans biofilms are inherently resistant to azoles such as fluconazole (Al-Dhaheri and
Douglas, 2010). Whilst some studies showed that butyrate enhanced fluconazole
susceptibility in C. albicans biofilms (Nguyen et al., 2011), our data suggested that butyrate

did not have an additive effect. One explanation for this is that we showed that NaB
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exposure significantly reduced biofilm metabolic activity and growth which is required for
fluconazole, which inhibits ergosterol synthesis, to be effective (Spampinato and Leonardi,
2013). Another reason for our finding could be that drug pumps known to remove azole
from the cell and contribute to resistance e.g. Cdrl and Mdr1 are upregulated in the early
phase of biofilm formation, in the first few hours after the cell attachment (Mukherjee et
al., 2003). Thus, in our experiments we would hypothesis that the upregulation of, drug
efflux pumps is not affected by NaB addition and so does not lead to an increase in

fluconazole efficacy.

Under acidic conditions NaB is mostly present in its protonated form, butyric acid. We
discovered that exposure of C. albicans to butyric acid (pH 4.0) led to rapid cell death that
was accompanied by loss of mitochondrial respiration, high ROS levels and a loss of Calcium
regulation. Cell death could be prevented by adding a calcium chelator, BAPTA-AM,
suggesting that loss of calcium homeostasis and its accumulation in the cytoplasm may
underpin the loss of mitochondrial membrane potential and so pH which in turn drives ROS
production from the mitochondria. In addition, the overexpression of catalase was able to
prevent cell death, indicating that ROS production also plays a role in the demise of C.
albicans cells treated with butyric acid. Importantly, necrosis was not seen at pH 4.0
suggesting that butyric acid induced cell death was triggered by a regulated form of cell
death such as yeast apoptosis. Calcium signalling and ROS accumulation are also known to
be involved in such pro-death signalling in higher eukaryotes (Cerella, Diederich and
Ghibelli, 2010; Grosfeld et al., 2021). In yeast, calcium regulation has been shown to be a

crucial mediator of regulated cell death. For example, calcium has been shown to activate
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the enzyme metacaspase which regulates yeast apoptotic processes, however the exact
mechanism remains unknown (Wong, Yan and Shi, 2012). Studies have shown that calcium-
depleted media can prevent cell death caused by carbon depletion (Yamagata, Obara and
Kihara, 2013), and death caused by glutathione depletion could be prevented by adding of
the calcium chelator BAPTA-AM (Chandel, Das and Bachhawat, 2016). Mitochondrial
calcium uptake can be prevented through ruthenium red exposure and studies have shown
this prevents cell death caused by toxic flavone compounds and lactoferrin derived peptides
(van der Pal et al., 1987; Lupetti et al., 2004; Yun and Lee, 2016; Lee, Woo and Lee, 2019). A
burst of cytosolic calcium could be observed after treatment with toxic peptides that lead to

cell death (Lee, Hwang and Lee, 2016; Lee and Lee, 2018; Kim and Lee, 2019).

The major site of cellular energy metabolism is the mitochondrion comprising complexes I-
IV which generate a H* gradient across the inner mitochondrial membrane. ATP synthesis is
then driven by the electrochemical energy of the H* gradient and the reduction of O, to H,0
via ATP synthase (complex V) (Ferguson, 1997). In this process, several reactive oxygen
species (ROS) are generated, which can damage cellular proteins, lipids, and DNA (Brookes
et al., 2004). Whilst being the main energy generator of the cell, mitochondria are also
required for oxidative stress resistance in yeast (Grant, Maclver and Dawes, 1997).
Mitochondrial ROS, however, may also act as an important regulator in redox cell signalling
(Fleury, Mignotte and Vayssiere, 2002; Ueda et al., 2002) when its production is kept to the
required amount for micro cell signalling (Inoue et al., 1999; Brookes and Darley-Usmar,

2002; Brookes et al., 2004).
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Our data also showed that catalase overexpression prevented high ROS accumulation in the
cells contributing to the idea that ROS accumulation at pH 4 after NaB addition occurs
because ROS production exceeds the normal cell’s ability to cope when mitochondrial
membrane potential crashes. Our data also suggests that the pH drop observed after
Antimycin A addition is dependent on loss of calcium homeostasis as it could be rescued
with BAPTA-AM. As mentioned in the beginning, the mitochondria are also a significant
source of ROS (respiratory chain) primarily in the form of superoxide (O2™+) which is
converted to H,02 mostly by the enzyme superoxide dismutase (SOD). Thus, ROS production
is dependent on the mitochondrial membrane potential (Starkov and Fiskum, 2003).
Superoxide dismutase is not the only enzyme to counter stress induced ROS. Catalases such
as CAT1 are essential antioxidants in C. albicans as well (Wysong et al., 1998; Nakagawa,
Kanbe and Mizuguchi, 2003). An important component of the inner mitochondrial
membrane is cardiolipin, which can be oxidised by ROS promoting cytochrome c release

(Vercesi et al., 1997; Grijalba, Vercesi and Schreier, 1999; Ott et al., 2002).

However, it is also important to mention that the apoptotic effect we observed at pH 4 after
NaB addition may not be solemnly caused by NaB, but also by the acidic pH. It has been

shown that acetic acid could induce cell death in yeast (Chaves et al., 2021).

As described above low abundancy of butyrate-producing bacteria but also enzymes
involved in butyrate metabolism pathways in ALS patients provide favourable conditions for
Candida growth further contributing to motor neuron degeneration (Castanedo-Vazquez et
al., 2019; French, Ludowyke and Guillemin, 2019; Niccolai et al., 2021; Hertzberg et al.,
2022). NaB treatment may be beneficial to combat this effect. However, inhibition of C.

albicans growth is only achieved at high butyrate concentrations, as may be found upon
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consumption of certain foods or under butyrate supplementation. This may suggest that the
activity of butyrate producing bacteria does not have an impact on Candida growth,
however conditions that promote transient high levels of production cannot be ruled out.
Clinical research groups could identify potential therapeutic use of butyrate in a wide
spectrum of gastroenterological disorders to exploit its effects on inflammation,
proliferation of intestinal epithelial cells, and regulation of fluid and electrolyte uptake in
disorders like irritable bowel syndrome (Vanhoutvin et al., 2009), cholera (Rabbani et al.,
1999), congenital chloride diarrhoea (Berni Canani et al., 2004; Wedenoja, Holmberg and
Hoglund, 2008), prevention of colorectal cancer (Scharlau et al., 2009), and inflammatory
bowel disease (Segain, 2000; Thibault et al., 2010). In ALS clinical trials it could be
demonstrated that patients receiving sodium phenylbutyrate— taurursodiol (related to
butyrate) showed lower functional decline compared to the placebo controls (Paganoni et
al., 2020). However, effects on a wider scale are yet to be determined and the
understanding of how beneficial butyrate administration is in ALS is still in its infancy.
Compounds targeting HADCs are currently in the preclinical discovery phase of ALS
treatment. HDACG inhibition restored axonal transport defects in human FUS-associated ALS
cellular models (Kim et al., 2010; W. Guo et al., 2017). Candida growth could be inhibited by
HDAC inhibitors such as TSA and fluconazole sensitivity could be enhanced (Smith and
Edlind, 2002). The supplementation of the SCFA acetate but also butyrate could reduce
levels of C. albicans in mice guts (D. Fan et al., 2015; McCrory, Lenardon and Traven, 2024).
Acetate-producing Bifidobacteria could also reduce C. albicans growth in human in vitro

studies (Ricci et al., 2022).
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Chapter 4 New Roles and Interactions for Sod1 and

Sod1** under conditions of stress

Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease associated
with protein misfolding and disruption of cellular homeostasis. Mutations in superoxide
dismutase 1 (SOD1), including A4V, have been linked to defects in proteostasis, autophagy,
vesicular trafficking, and calcium signalling. Using Saccharomyces cerevisiae expressing
Sod1*%, this study investigated genetic interactions affecting vacuolar function and stress
responses. Screening of a vacuolar deletion library under calcium, zinc, and calcineurin
inhibition identified interactions involving vacuolar trafficking, autophagy, TORC1 and Ras
signalling, metal homeostasis, and calcium regulation. Trehalose metabolism also emerged
as a potential protective mechanism. Although no direct interaction between Sod124" and
the vATPase component Vma2 was detected, the findings highlighted an important role for
vacuolar function in mutant SOD1 toxicity. Sod124" also impaired calcineurin-dependent
Crz1 nuclear translocation and calcium homeostasis. Overall, these findings demonstrate
that Sod1*%V disrupts interconnected pathways involved in proteostasis, metabolism, and
ion regulation, providing insight into conserved mechanisms of SOD1-associated ALS

pathology.

4.1 Introduction

4.1.1 Expression of single copy SOD17 and mutant sod 744" alleles in S.
cerevisiae

The enzyme superoxide dismutase 1 (Sod1) is responsible for converting superoxide into
hydrogen peroxide and water. Mutations in the SOD1 gene, which encodes Sod1, have been
linked to familial amyotrophic lateral sclerosis (ALS), a neurodegenerative disease

characterized by the progressive loss of motor neurons. While over 200 SOD1 mutations
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have been identified, the exact mechanism by which they contribute to ALS remains
unclear. Various animal models of SOD1-associated ALS (SOD1-ALS), spanning organisms
from baker’s yeast (Saccharomyces cerevisiae) to mice (Mus musculus), have provided
valuable insights into Sod1 function. Over the last few years, research has emphasized the
development of stable single-copy ALS models to investigate mutant Sod1 isoforms under
physiologically relevant low expression levels.

Previous work by Dr Kevin Doyle sought to develop a stable single-copy SOD1-ALS model in
S. cerevisiae (Doyle, 2022). The Gateway cloning technique was applied to generate an
integrated plasmid-based model, whereby wild type SOD1 or mutant sod1°4¥ were
constitutively expressed from a single copy within the genome. The same technique was
then used to integrate and generate SOD1 or mutant sod1*%" into a library of deletions of
genes involved the control of the metabolic functions carried out by the vacuole in S.
cerevisiae. This was carried out to investigate whether overexpression of SOD1 or mutant
sod174” exhibited enhanced toxicity when vacuolar functions were disrupted as a means to
identifying synthetic interactions. A control plate was generated that contains 72 knockouts
from the MATa deletion library (Winzeler et al., 1999) that contain an integrated control
vector pAG306. The sod144” expression plate tested in this chapter contains the same 72
knockouts but has the pAG306 chrl vector expressing sod14” integrated into the genome. In
general, the library contains a number of mutants lacking genes encoding amino acid, metal
ion and other transporters located on the vacuole membrane. The pAG306 sod144Y vector
was integrated into each knockout and confirmed by PCR by Dr Kevin Doyle (Doyle, 2022).
The interaction of another key player in ALS — the enzyme calcineurin (Cn)- with Sod1 was
also explored: Previous data indicated that overexpressing mutant Sod1 isoforms in a Asod1

background using 2 plasmids led to growth defects, which were associated with vacuolar
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and metabolic dysfunctions e.g. vacuolar acidification defects (Bastow et al., 2016; Doyle,
2022). We wished to determine if the relatively lower expression of Sod124" from an
integration vector also caused vacuolar and metabolic defects. To test this the growth of the
strains under various stresses aimed at challenging vacuole function, calcium and zinc stress

and Cn inhibition using FK506 was assessed (Doyle, 2022).

4.1.2 Overexpression of ALS-linked mutant isoforms of Sod1 into S.
cerevisiae causes cytotoxicity, metabolic dysfunction, and a vacuole
acidification defect

The key findings of previous work by Dr Kevin Doyle (Doyle, 2022) showed that Sod1 is
crucial for maintaining central homeostatic processes, particularly in vacuole function and
calcineurin signalling. These findings also suggested that the overexpression level of ALS-
linked Sod1 mutants in S. cerevisiae significantly influences the severity of observed
phenotypes. As a brief summary of these findings, whilst Sod1 is not required for
maintaining vacuole acidification, its absence comprises vacuole function. In addition,
overexpression of ALS-linked Sod1 mutants from high-copy plasmids leads to vacuole
acidification defects, whereas stable single-copy expression does not produce the same
effect. Sod1 was shown to interact with Vma2 of the V-ATPase in an in-vivo DHFR
reconstitution assay, though it did not regulate the reversible disassembly of the V-ATPase
enzyme complex. A small but reproducible reduction in V-ATPase activity was observed in
vacuole extractions incubated with recombinant bovine Sod1, suggesting a possible in vitro
interaction. Furthermore, the study showed an interaction between Sod1 and calcineurin,

playing an essential role in Cn activation in response to increased intracellular calcium.
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These findings may contribute to a better understanding of ALS pathogenesis in patients
with SOD1 mutations, and if lysosomal dysfunction is an early defect in ALS motor neurons,
it could serve as a potential target for future therapeutic strategies. A prominent feature of
motor neurons compared to other cells is their vulnerability to calcium overload as calcium
permeable AMPA receptors are highly expressed (Williams et al., 1997; Shaw and Eggett,
2000; Van Den Bosch et al., 2000; Guatteo et al., 2007) while the endogenous expression of
calcium buffering proteins (CaBPs), like parvalbumin and calbindin, is low (Alexianu et al.,
1994; Palecek, Lips and Keller, 1999; Jaiswal, 2013), even though EF-hand calcium binding
proteins are present in motor neurons (Migheli et al., 1999; M.-D. Zhang et al., 2014).
Several studies could detect intracellular calcium overload and a further decrease in
calretinin and parvalbumin in motor neuron axons in ALS patients (Siklds et al., 1996, 1998;
Kruman et al., 1999; Grosskreutz, Van Den Bosch and Keller, 2010; Kawamata and Manfredi,
2010; Hayashi, Amari and Okamoto, 2013). Another pathological pathway in ALS causing
calcium overload is that mutated SOD1 was found to accumulate in the mitochondrial
intermembrane space, which impairs normal mitochondrial function. This is interesting as
mitochondria are supposedly crucial in buffering calcium in motor neurons (Jaarsma et al.,
2001; Liu et al., 2004; Jaiswal and Keller, 2009; Lautenschlager et al., 2013). Thus, SOD1

mutations can lead to disturbances in calcium homeostasis.

In this context, it was also shown that calcium can bind to immature SOD1 increasing its
accumulation (Leal et al., 2013; Estacio et al., 2015). In agreement, overexpression of CaBPs
and AMPA channel antagonists could decrease calcium overload, neurodegeneration, and
abnormal SOD1 accumulation in ALS1 models (Van Damme et al., 2003; Tateno et al., 2004;
Tortarolo et al., 2006; Yin, Tang and Weiss, 2007; Beers et al., 2008; Parone et al., 2013).

The activity of the protein phosphatase Cn is calcium dependent and regulated by
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calmodulin. Being highly expressed in the CNS and playing a major part in many pathways
involving modulation of immune responses and signal transduction in the nervous system
through regulating neuronal excitability, the release of neurotransmitters and hormones,
gene transcription and calcium-dependent apoptosis, Cn activity is thought to be pivotal in
motor neuron diseases (Morioka et al., 1999; Wang et al., 1999; Rusnak and Mertz, 2000).
Previous studies using human neuroblastoma cells expressing fALS-SOD1 and mice models
expressing fALS SOD1 showed that the phosphatase activity of Cn is depressed when mutant
antioxidant SOD1 is present (Ferri et al., 2002) thus supporting evidence that Cn is redox
regulated. This is further supported by showing that wild type SOD1 functions as a
protective element for Cn (Wang, Culotta and Klee, 1996), and fALS-SOD1 can directly
deactivate Cn (Ferri et al., 2008). The target of such oxidation of Cn is supposedly the iron
atom at its active site (Namgaladze, Hofer and Ullrich, 2002). Decreased Cn activity was
directly found in ALS patients: a study reported significantly decreased Cn activity in
lymphocytes in 37 sporadic and eight fALS patients with an increase in protein oxidation

which was not found in the control subjects (Ferri et al., 2004).

In this way the yeast model may prove useful in investigating how mutations in Sod1 affect

calcium regulation and so contribute to the field.

4.1.3 Vacuolar functions

The break-down of proteins is performed by lysosomes — organelles containing hydrolytic
enzymes. Lysosomes are also pivotal in protein sorting, ion storage, autophagy, and stress
responses in the cell. Lysosomal defects have been strongly associated with

neurodegenerative diseases involving protein misfolding, like Alzheimer’s disease,
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Parkinson’s disease, Huntington’s disease, and ALS (Fulceri et al., 2011; Tashiro et al.,
2012b). In S. cerevisiae, the vacuole shares many functional similarities to the mammalian
lysosome. Interestingly, a link has been found between overexpression of ALS-linked Sod1
and vacuole dysfunction in S. cerevisiae, such as defects in vacuole acidification and a
decrease in autophagy (Bastow et al., 2016). Constitutive functions of the yeast vacuole
include degradation, storage, buffering, and detoxification.

Together with proteasomes vacuoles represent one of the two main degradation systems
within the yeast cell. Hydrolytic enzymes, including soluble and membrane-bound
proteases, which break down a wide range of proteins. These enzymes are transported to
the vacuole in an inactive form and activated through a cascade of processing events, often
at low pH (Zubenko, Park and Jones, 1983; Knop et al., 1993; van den Hazel, Kielland-Brandt
and Winther, 1996). Proteins are directed to the vacuole for degradation through multiple
pathways. Plasma membrane proteins, including receptors like Ste2p and Ste3p, are
degraded in a process involving ubiquitination and endocytosis, similar to how mammalian
cells degrade the EGF receptor (Davis, Horecka and Sprague, 1993; Hicke and Riezman,
1996; Katzmann, Odorizzi and Emr, 2002). Certain nutrient transporters, such as Furdp and
Gaplp, are also sent to the vacuole for degradation depending on nutrient levels (Galan et
al., 1996; Séron et al., 1999; Helliwell, Losko and Kaiser, 2001). Another process through
which vacuoles degrade especially cytosolic and organellar proteins is autophagy
(Mizushima and Klionsky, 2007). While yeast can compensate for autophagy defects under
normal conditions, in mammals, basal autophagy is essential for development and protein
guality control. When vacuolar protease activity is impaired, autophagic vesicles
accumulate, highlighting the vacuole’s critical role in cellular recycling and homeostasis

(Takeshige et al., 1992; Mizushima and Klionsky, 2007; Li and Kane, 2009).
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In times of nutrient deprivation, the yeast vacuole also serves as the primary storage site for
amino acids, phosphate, calcium, and metal ions allowing yeast to regulate cytosolic levels
and mobilize reserves when needed (Klionsky, Herman and Emr, 1990; Van Ho, Ward and
Kaplan, 2002). Yeast vacuoles can accumulate high levels of basic and neutral amino acids,
while acidic amino acids are stored to a lesser extent. This process relies on a proton
gradient and specific transporters. The Vbalp, Vba2p, and Vba3p transporters facilitate the
uptake of lysine, arginine, and histidine, while Avtlp imports large neutral amino acids like
tyrosine and leucine. Other Avt transporters (Avt3p, Avtdp, Avt6p) function in amino acid
export, all depending on the proton gradient (Klionsky, Herman and Emr, 1990; Russnak,
Konczal and Mclntire, 2001; Shimazu et al., 2005). Regulating free ionized calcium levels in
yeast is also a function of the vacuole: Ca?* in the cytosol can then be transported into
vacuoles for storage via vacuole calcium ATPases Pmc1 and a vacuole Ca%*/H* exchanger
Vcx1, or it can be transported to other organelles, such as the endoplasmic reticulum and
the Golgi apparatus via calcium ATPase Pmr1 (Cui, Kaandorp, Ositelu, et al., 2009). Under
hypertonic conditions the Ca%* channel Yvcl — a distant homolog of the mammalian TRPC-
type Ca?* channels — will release vacuolar Ca?* into the cytosol (Denis and Cyert, 2002).
Vacuoles are also the primary storage site for zinc in yeast cells. When Zn?* levels are high,
the transporters Zrclp and Cotlp facilitate its uptake into the vacuole. In contrast, when
Zn?* is scarce, the vacuolar exporter Zrt3p is activated to release stored zinc. This regulation
allows yeast cells to accumulate over ten times more zinc when external levels are high and
then use these reserves to sustain growth for multiple generations when external zinc is
unavailable (MacDiarmid, 2000; MacDiarmid, Milanick and Eide, 2002; Simm et al., 2007).
Beyond storage, the vacuole plays a key role in detoxification by sequestering harmful

substances away from the cytosol and other organelles. Some of these substances, like
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redox-active heavy metals, are essential at normal levels but become toxic in excess. The
vacuolar ABC transporters Ycflp and Bptlp help remove toxins by transporting them as
glutathione conjugates. These transporters have overlapping functions but are regulated
differently, and they help eliminate harmful metals like arsenite and cadmium, as well as
metabolic byproducts in certain mutants (Rebbeor et al., 1998; Ghosh, Shen and Rosen,

1999; Klein et al., 2002; Sharma et al., 2002).
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Figure 1 Constitutive functions of the yeast vacuole.
The four main constitutive functions of the yeast vacuole include degradation, storage, buffering,
and detoxification. 1) Degradation is facilitated through enriched hydrolases present in vacuole. 2)
Storage: amino acids, ions and metals are imported through multiple transporters in the vacuole. 3)
buffering: ion homeostasis and amino acid recycling is achieved through vacuole transporters. 4)
Detoxification: toxic metals or harmful metabolic bi-products are sequestered by vacuolar ABC
transporters.
Image from (Li and Kane, 2009)
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4.1.4 Aims of this chapter

In the current study, we aimed to determine whether cell response to calcium, calcineurin,
or zinc stress are affected by the expression of mutant Sod124V as previously proposed by
work by Dr Kevin Doyle (Doyle, 2022). Furthermore, we tried to characterise if Sod144V
interacts with the vATPase subunit VMAZ2. Lastly, we explored the nature of calcium

sensitivity in cells expressing Sod14V.

4.2 Materials and Methods

4.2.1 Media preparation and growth conditions for Saccharomyces
cerevisiae and Escherichia coli

All components of the media were mixed in to deionised distilled water prior to autoclaving.
All media were sterilised using a Prestige Medical bench-top autoclave at 121 °C, 15 Ib/sQ.in
for 11 min. All Escherichia coli liquid cultures were incubated at 37 °C with constant rotation
at 180 rpm. All liquid cultures of Saccharomyces cerevisiae were incubated at 30 °C with
constant rotation at 180 rpm. 2 % w/v granulated agar (Oxoid technical agar No. 3) was
added prior to autoclaving for solid medium and glucose, if required, was added after

autoclaving.

4.2.1.1 Yeast growth media

4.2.1.2 Yeast extract, peptone, dextrose (YPD) growth medium
The YPD growth medium contained 2 % w/v glucose (Fisher), 1 % w/v yeast extract (BD) and

2 % w/v Bactopeptone (BD).
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4.2.1.3 Synthetic complete (SC) drop-out medium

Ingredients for this medium included 2 % w/v glucose (Fisher), 0.77 % Yeast Nitrogen Base
without amino acids (Kaiser, Formedium), yeast synthetic complete drop-out media
supplement (Formedium). Ammonium sulphate is the source of nitrogen for the yeast cells
grown in this media. Once yeast was transformed with plasmid DNA containing the selective
marker (uracil, leucine, histidine), Yeast Synthetic Complete Drop-Out Media Supplement
(Formedium) lacking the appropriate nutrient was used to select successfully transformed

yeast.

4.2.1.4 E. coli growth and selection

The LB medium contained 1 % Yeast Extract (BD), 2 % Sodium Chloride (Fisher), 2 %
Bactotryptone (BD), and if required 2 % agar (Oxoid). The appropriate antibiotics (Ampicillin
stock concentration: 100 mg/ml in sterile deionised water, Sigma-Aldrich; Kanamycin stock
solution 10 mg/ml in sterile deionised water, Sigma-Aldrich) were added for the selection of
successfully transformed E. coli containing the plasmid of interest. To select for E. coli
colonies containing plasmids with the AmpR gene, ampicillin was supplemented to the
growth medium to a final concentration of 100 pug/ml after autoclaving. Kanamycin was
added to the growth medium to a final concentration of 50 ug/ml after autoclaving to select

for E. coli colonies containing the gene for kanamycin resistance.
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4.2.2 Yeast and bacterial strains used in this project

4.2.2.1 E. coli strains

DH5a: The genotype of the competent E. coli cells used in this study is F- endA1 gInV44 thi-1

recAl relAl gyrA96 deoR nupG ®80dlacZAM15 A(lacZYA-argF) U169, hsdR17(rK- mK+), A—.

4.2.2.2 S. cerevisiae

The knockout library contains 72 knockouts from the MATa deletion library with the
genotype of BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 (Winzeler et al., 1999). Each

knockout has the pAG306 chrl vector expressing sod144” integrated into the genome.

4.2.3 Molecular Biology methods

4.2.3.1 Plasmids used in this project

TABLE 8 LIST OF PLASMIDS USED IN THIS STUDY

Plasmid Description Source
pAG306 Gateway Destination Vector Addgene
empty (Bacterial Resistance: Ampicillin;
vector Selection marker: URA3

Chromosome integration: chr |)
pAG306 SOD1%% in Gateway Destination Addgene
Sod1A4V Vector

(Bacterial Resistance: Ampicillin;
Selection marker: URA3

Chromosome integration: chr |)
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pAMs366
4x-CDRE-
GFP

pFa6

mcherry

tagging

plasmid

pEVP11/AEQ

crz1-GFP (C
terminal

GFP tag)

Overexpression plasmid

GFP reporter to monitor calcineurin
activity via calcineurin-dependent
response element (CDRE) in S.
cerevisiae.

(Bacterial Resistance: Ampicillin;

Selection marker: URA3)

Overexpression plasmid

VMA?2 C-Terminally tagged with yeast
optimised mCHERRY in a BY4741
background

(Bacterial Resistance: Ampicillin;

Selection marker: URA3)

Overexpression plasmid
Intracellular calcium reporter in S.
cerevisiae.

(Bacterial Resistance: Ampicillin;

Selection marker: LEU2)

MAT a his3A1 leu2A0 met15A0 ura3A0
CRZ1-GFP ::HIS3

Addgene

A kind gift from the Thorn lab
Addgene

A kind gift from Prof Anand K Bachhawat
(Indian Institute of Science Education and
Research) (Chandel, Das and Bachhawat,

2016)

Isolated from the GFP collection generated
published in (Huh et al., 2003)

the GFP collection was a mind gift from Dr
Peter Thorpe (Queen Mary University of

London)
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4.2.3.2 High efficiency yeast transformation using the LiAc/SS carrier
DNA/PEG method for S. cerevisiae

A fresh colony of yeast was picked using a sterile inoculation loop and inoculated into 5 ml
of appropriate medium and grown overnight at 30 °C with shaking at 180 rpm. The yeast
strain was inoculated into 20 ml of YPD media to an OD of 0.1 and incubated at 30 °C with
shaking at 180 rpm for 4 - 5 hours. 1 ml of the culture was transferred toa 1.5 ml
microcentrifuge tube and harvested in a bench-top centrifuge at 4000 rpm for 5 minutes at
room temperature. The supernatant was discarded, and the pellet resuspended in 400 ul of
sterile water. 100 pl of this solution was transferred into a sterile Eppendorf tube and
centrifuged at 10,000 g for 30 seconds. The supernatant was removed, and the following
mixture was added to the pellet: 240 pl of 50% polyethylene glycol 3300 (PEG; Sigma), 36 ul
of 10x (1M) LiAoc solution, 10 pl of 10 mg/ml single stranded DNA (boiled herring sperm
DNA), 64 ul water and 10 pul of plasmid DNA. Once all the solutions were added the pellet
was resuspended by vortexing and the tubes were placed into a 42 °C water bath for 40
minutes. After the 40 minutes heat shock the cells were centrifuged at 10,000 g for 30
seconds, the supernatant was removed, and the pellet was resuspended in 150 ul of sterile
water. The cell suspension was spread onto agar plates with the appropriate selective media

and incubated at 30 °C for at least two days to allow colony growth.

4.2.3.3 Quick genomic DNA extraction and PCR in S. cerevisiae
A small sample of a yeast colony was taken using a sterile pipette tip and mixed into 40 ul of
0.02 M NaOH. The sample was heated for 10 min at 95 °C and then iced for 10 min. The cells

were then centrifuged at 2000 g for 5 min. 1 pl of the supernatant/DNA was used for the
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PCR reaction and mixed with PCR reagents (Table 9). The mixture was made up to a final
volume of 25 ul with sterile water. The samples were run on an 0.4 g agarose in 50 ml TAE (=
0.8 %) gel. Correct integration of the pAG306 vector was checked by PCR using the forward
primer Chrlrev2, 5'-GAAGGATAGTTCGAAGCTCGC-3’ which sits 500 bp upstream of the
pAG306 integration site and the reverse primer, AmpR, 5'- ATAATACCGCGCCACATAGC-3’
which amplifies from within AmpR gene within the linearised pAG306 plasmid. Successful

integration of pAG306 at the correct integration locus will yield a single band of 850 bp.

TABLE 9 THE REAGENT MIXTURE FOR THE PCR REACTION USED FOR THE YEAST DNA EXTRACTION.

PCR reagents
10X PCR Buffer, -Mg 2.5 ul

50 mM MgCl2 0.75 pl

10 mM dNTP Mix 0.5 pl

10 uM forward primer AmpR 1.25 pl

10 uM reverse prime 503 Chrlrev2 1.25 ul
Template DNA 1 pl

Tag DNA Polymerase (5 U/ul) 0.1 pl

4.2.3.4 Restriction enzyme digest of DNA

Using restriction endonucleases from New England Biolabs (Not1), enzymatic scission of
DNA at specific sequence points was carried out. The manufacturer’s protocol was used,
and the buffer was supplied by the manufacturer. The reagents listed below (Table 10) were
added together to create a 20 pl reaction mix. The incubation time for the digests was at
least 1 h (sometimes 4 h) at 37 °C. 10 ul of the samples was loaded onto an agarose gel to

analyse the digested products.
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TABLE 10 BASIC REACTION MIXTURE USED FOR THE RESTRICTION ENZYME DIGEST USED IN THIS STUDY.

Reagent Volume Concentrations
Sterile water 14.8 pl

Plasmid DNA of interest 2 ul 2 pg/ul

BSA 0.2 ul 10 pg/ul

Buffer D 2 ul 10X

NOT1 (restriction enzyme) 1w 5u/ul

4.2.3.5 Purification of plasmids from E. coli

A fresh colony of E. coli containing the plasmid of interest was picked using a sterile
inoculation loop. The colony was inoculated into 5 ml of LB media supplemented with the
appropriate antibiotic and placed overnight at 37 °C with constant rotation at 180 rpm for
growth. The cells were harvested in a benchtop centrifuge at 8000 x g for 3 min at room
temperature. The supernatant was removed, and the plasmid DNA of interest was extracted
from the cell pellet using a Qiagen QlAprep Spin Miniprep Kit according to the

manufactures’ instructions.

4.2.3.6 Agarose gel electrophoresis

To analyse DNA fragments and plasmids, agarose gel electrophoresis was carried out. The
agarose gels were generally composed of 0.8 % (w/v) agarose (Melford, MB12000) in TAE
buffer (Table 11). TAE buffer was prepared at final concentrations of 40 mM Tris, 20 mM
acetic acid, and 1 mM EDTA (pH 8.0).

0.4 g of agarose was dissolved in 50 ml 1x TAE by microwaving for 1 min until the solution

became clear. The solution was left to cool for 5 min to around 60 °C before 3 ul of ethidium

180



bromide (10 mg/ml) was added to a final concentration of 0.5 pg/ml. The solution was
poured into a gel cassette, and a comb was inserted. The gel was left to set for 30-60 min.
The solidified gel was placed into an electrophoresis tank and 1x TAE buffer was poured
over the gel to cover its surface by 2-3 mm. The comb was then removed. 10 pl of the
Invitrogen Fisher 1 kb + gene ruler DNA ladder was transferred into the first well. 1 ul of 10x
blue juice loading dye was mixed with the DNA samples ina 1 in 6 manner. 10 pl of sample
was loaded into the wells. A voltage of 120 V was applied to the tank for 25 min until the

DNA bands had migrated the desired distance.

4.2.3.7 Transformation of E. coli with plasmid DNA

A 50 pl aliquot of competent cell suspension was thawed on ice. To the solution of
competent cells, a volume of plasmid DNA at a concentration of at least 50 ng/ml was
added and mixed gently. The mixture was incubated on ice for 30 min and then incubated at
42 °C for 45 secs. The tubes were put back on ice for 2 min. 500 pl of appropriate medium
(LB growth medium with appropriate antibiotics) was added to the cells and they were
grown at 37 °C with shaking at 180 rpm for 45 min. The tubes containing the transformed
bacteria were centrifuged at 5000 g for 3 min. Around 350 pl of the supernatant was
removed and the pellet was resuspended. The suspension was then spread onto LB agar
plates containing the appropriate antibiotic to select for transformants and incubated at 37

°C overnight. Plates were checked for colony growth the next morning.
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4.2.3.8 E. coli competent cell preparation

E. coli cells (DH5a) were grown overnight in 10 ml of LB broth at 37 °C with constant shaking
at 180 rpm in a flask with aeration. 8 ul of the overnight culture was sub-cultured and
diluted in 28 ml of LB media to an OD600 of 0.5. A volume of 3.75 ml of sterile warm 100 %
glycerol was added to the 28 ml flask. The cells were then chilled on ice for 10 min. The cells
were pelleted at 4 °C for 10 min at 1789 g. The supernatant was removed carefully, and the
cells resuspend in 3.75 ml of ice-cold 0.1 M MgCl, and 15 % glycerol (v/v). The cells were
again pelleted at 4 °C for 8 min at 1614 g. The supernatant was removed, and the cells
resuspend in 6.25 ml ice-cold T-salts containing 0.075 M CaCl2, 0.006 M MgCl,, and 15 %
glycerol (v/v). The suspension was incubated on ice for 20 min with occasional mixing. The
cells were then centrifuged at 4 °C for 6 min at 1449 g and gently resuspended in 1.25 ml T-
salts. The competent cells were then aliquot into pre-cooled tubes and stored immediately

at - 80 °C for at least overnight before use.

4.2.3.9 Invitrogen Gateway cloning reaction

To generate the plasmids used in this study, the Invitrogen Gateway© cloning method was
used. This cloning method uses the site-specific recombination of the lambda
bacteriophage. The Gateway cloning system allows the recombination between the two
types of recombination sites that were designed and the two ends of a source sequence and
a host vector. This cloning system consists of two completely reversible recombination
reactions, namely the BP reaction to create entry clones and the LR reaction to generate
expression clones using the corresponding catalytic enzymes BP clonase Il and LR clonase I,

respectively. In the BP reaction the recombination sites attB and attP are recombined,
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whereas the LR reaction recombines attL and attR sites. The transformation of the
recombined sites occurs through swapping the opposites halves into the opposite set e.g.
attL and attR become attB and attP and conversely attB and attP become attL and attR. The
names for those engineered vectors are called Entry Clone, Expression Clone, Donor Vector,

and Destination Vector.

4.2.3.9.1 BP cloning reaction

The Invitrogen Gateway BP cloning reaction was performed to generate the entry vectors
used in this study. Prior to the BP reaction, plasmids containing the nucleotide sequences of
interest were extracted and purified using the Qiagen Spin Miniprep Kit and sequenced by
Eurofin. 1 pl of the purified episomal expression vector (50 ng/ml) was mixed with 1 pl of
the pDONR221 entry vector (75 ng/ml) together with 2 ul of 1x TE buffer (pH 8.0). The
reagents were mixed well while the BP clonase Il enzyme was thawed on ice for around 2
minutes and then vortex for 2 seconds. 1 pl of the BP clonase Il was then transferred into
the reaction mixture and incubated at room temperature for 1 h. 0.5 pl of Proteinase K
solution (2 mg/ml) was added to the solution to end the reaction. After briefly vortexing the
reaction mixture, the tubes were incubated at 37 °C for 10 min. The samples were then
stored at - 20 °C or transformed into bacteria. The pPDONR221 entry clone used contained
Kanamycin resistance genes. The samples were sent to GATC Eurofin for sanger sequencing

with M13F or T7 promotor primers.
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4.2.3.9.2 LR cloning reaction

To generate the expression clones used in this study, the Invitrogen Gateway LR cloning
reaction was used. This reaction allows the recombination of the destination vector with the
entry vector containing the gene of interest. Prior to the LR reaction, bacteria containing the
destination vector pAG306 ccdB and pAG306 empty were grown and the plasmid was
extracted and purified using the Qiagen Spin Miniprep Kit. The plasmids were checked using
agarose gel electrophoresis. 2 pl of the entry clone (50-150 ng/ ul) was mixed with 2 pul of
the destination vector (150 ng/ pl) together with 6 ul of 1x TE buffer (pH 8.0). The LR
clonase Il enzyme mix was thawed on ice for 2 min and vortexed for 2 secs. To each sample
2 ul of LR clonase Il was added and well mixed by vortexing. The reaction was incubated at
25 °Cfor 1 h. 1 ul of Proteinase K solution (2 mg/ml) was added to each sample to terminate
the reaction. The samples were vortexed briefly and incubated at 37 °C for 10 min before
they were stored at - 20 °C or transformed into bacteria. The destination vector pAG306
ccdB contained an ampicillin resistance gene. The samples were sent GATC Eurofin for

sanger sequencing with the GDPro-F primers.

4.2.4 Cell biology whole cell experimental procedures

4.2.4.1 Vacuole knockout library screen: Absorbance assays for
growth rate analysis of S. cerevisiae cells

The vacuole knockout library was constructed by transforming the pAG306-GPD-SOD1-A4V-
chrl integration vector into a library of MATa gene deletion mutants encoding proteins with
functions related to the vacuole and metabolism in S. cerevisiae. The high efficiency

transformation was used (5.2.3.2). Correct integration of pAG306-GPD-SOD1-A4V-chrl into

184



each mutant was confirmed by PCR and agarose gel electrophoresis analysis of the gDNA
using the primers: chrirev2, 5'- GAAGGATAGTTCGAAGCTCGC-3' and Amp-R, 5'-
ATAATACCGCGCCACATAGC-3'.

The control and A4V 96-well plate were stamped out onto YPD agar using a sterile replicator
and grown at 30 °C for 2 — 3 days. Once grown, cells from these plates were used to
inoculate a 96-well plate with liquid YPD media, by stamping using the sterile replicator.
Cells were grown overnight at 30 °C, 180 rpm shaking with parafilm around the edges of the
96-well plate to prevent evaporation. The following day, yeast cultures were diluted to an
ODgoo of 0.1 in 100 pl of appropriate medium with or without supplements (Table 12) into a
sterile 96-well plate (Greiner). The 96-well plate was placed into a BMG LABTECH FLUOstar
OPTIMA or a BMG LABTECH SPECTROstar Nano plate reader for 24 hours where the growth
was measured (Table 13). The protocol setting used can be found in the table below. To
analyse the generated data by the plate reader the data analysis software BMG LABTECH
MARS was used. The data was then exported to Microsoft Excel to further analysing it. The
area under the curve (AUC) was calculated using GraphPad Prism. Here, the trapezoidal
method was applied where each connecting segment under the growth curve describes a

trapezoid. The sum of each segmental trapezoid forms the total AUC.

TABLE 11 A LIST OF SUPPLEMENTS ADDED TO YPD MEDIA.

Supplement Concentration
ZnCl; (Sigma Aldrich) 4 mM

CaCl; (Sigma Aldrich) 50 mM

FK506 (Sigma Aldrich) 100 uM

TABLE 12 THE PROTOCOL SETTING USED TO MEASURE GROWTH RATE
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Cycle Time 1800 seconds

Flashes per Well 3

Excitation 600 nm

Shaking Frequency 400 nm

Shaking Mode Double Orbital

Additional Shaking Time 30 seconds before each cycle
Temperature 30°C

Positioning Delay 0.5 seconds

4.2.4.2 Quantification of calcineurin activity by flow cytometry

Desired strains were transformed with the pAMs366 4x-CDRE-GFP-URA3 reporter plasmid.
Colonies were then streaked out onto SC media lacking uracil to maintain the reporter
plasmid. For the flow cytometry experiment, 5 ml of SC-URA medium were inoculated with
a colony of the desired yeast strain expressing pAMs366 4x-CDRE-GFP-URA3 and grown
overnight at 30 °C with 180 rpm shaking. The next morning, this overnight culture was used
to inoculate two 10 ml cultures of SC-URA to an OD600 of 0.1 per strain. This culture was
grown at 30 °C with 180 rpm shaking for 7 h until an OD600 of 0.5-1 had been reached. A
negative control was inoculated including BY4741 cells at an OD600 of 0.1 with 0.5 uM
FK506, a calcineurin inhibitor. Once the cultures had reached an OD600 of 0.5-1, CaCl2 was
added to one of the 10 ml cultures to a final concentration of 50 mM. Cultures were placed
back in the incubator at 30 °C for 1 h with 180 rpm shaking. After 1 h, all cultures were
washed twice in sterile mgH20 and diluted to an OD600 of 0.1 and then resuspended in

sterile 1x PBS. Cells resuspended in 500 ul PBS were transferred to Eppendorf tubes.
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Fluorescence intensity of cells expressing pAMs366 4x-CDRE-GFP-URA3 was analysed using
the BD AccuriTM 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 blue laser (488 nm) and a red laser (640 nm). The
FL1 (533/30 nm) filter was used to detect the GFP fluorophore from cells expressing the 4x-
CDRE-GFP reporter. Approximately 10,000 events were collected per sample and the data

was acquired and analysed using the BD Accuri C6 Plus software.

4.2.4.3 Cytosolic Calcium concentration measurement using
ApoAequorin luminescence

The Ca?*-binding photoprotein aequorin is composed of an apoprotein (apoaequorin) that
has a molecular weight of about 22 kDa and a prosthetic group, a luciferin molecule
coelenterazine (MW 432). The functional holoprotein aequorin reconstitutes spontaneously
when molecular oxygen is present. Three EF-hand Ca?* binding site are present in the
protein. Aequorin undergoes conformational change when Ca?* binds and coelenterazine is
converted into excited coelenteramide together with carbon dioxide. The excited
coelenteramide relaxes to the ground state, and blue light (469 nm) is emitted which can be
detected with a luminometer (Mithofer and Mazars, 2002).

Desired yeast strains were transformed with the pEVP11/AEQ plasmid containing the
apoaequorin gene and selected in appropriate SC media.

For luminescence assays, cells were grown overnight at 30 °C in Sc selection medium and

sub-cultured to mid log-phase around OD 600 nm 0.5-0.7.

187



Log- phase cells were then re-suspended at a density of ~108 cells/ml in fresh SD selective
medium. The substrate coelenterazine (Invitrogen) was added to a final concentration of 5
KUM. As a negative control, cells were treated with the equivalent volume of solvent
(methanol). The samples were incubated in the dark for 1 h at 30 °C before they were
collected by centrifuging at 5000 rpm for 5 min. The samples were washed three times with
PBS, resuspended in 200 pl of medium, and incubated for 30 min in the dark at 30 °C to
reconstitute functional aequorin within the cells. After the incubation, cells were
transferred into a 96 well microplate. Luminescence readings (469 nm) were taken every 1
min with 40 seconds shaking in between each read to keep cells in suspension. The gain was
adjusted to 3600 to obtain a suitable reading. After 10 cycles to record the baseline
luminescence, the plate was ejected and 100 mM CaCl; was added. The plate was then
returned to the plate reader and readings were taken for further 2 h. Data sets were
analysed using a two-way ANOVA. Post hoc comparisons were performed using Tukey’s test
for exploratory pairwise contrasts, except where only WT vs A was tested; in those cases,

Sidak’s correction was used as required by Prism.

4.2.5 Fluorescence microscopy of yeast cells

4.2.5.1 Sample preparation

A fresh colony of yeast was picked with a sterile inoculation loop. The colony was inoculated
into 5 ml of appropriate media and grown overnight at 30 °C with shaking at 180 rpm. The
OD 600 nm of this culture was measured using an Eppendorf Biophotometer plus. To
analyse yeast cells in logarithmic phase of cell growth, cells were sub-cultured and grown to

OD 600 nm 0.4-0.7 in fresh appropriate media. 2 pul of the culture was pipetted onto a
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microscope slide and covered using a 20 mm by 20 mm cover slip. A single drop of Olympus
Immoil-F30CC immersion oil was applied to the surface of the 100x (1.4 NA) objective lens

prior to the examination under the microscope.

4.2.5.2 Fluorescence microscopy

An Olympus 1X81 inverted microscope was used to visualise fluorescent cells. A Cool LED
PE4000 illumination system provided the light, and an Andor’s Zyla 4.2 PLUS sCMOS camera
was used to capture all images. The acquisition software Micro-Manager version 1.4.22 was
used to obtain the images. An Olympus 100 x objective lens (NA = 1.4) was used to visualise
cells from a sample. The GFP channel with excitation/emission wavelengths of 488/512 nm
was used to observe Cells with GFP-tagged proteins. A halogen light source was used to
capture DIC images. Each experiment was repeated in biological triplicates. The software

Imagel FlJI was used for the analysis and processing of the microscopy images.

4.2.5.3 FLIM/FRET microscopy

To complete FLIM/FRET we generated mCherry tagged Sod1 and Sod1#%Y strains using
homologous recombination (Sod1*4¥ was generated using CrispR Doyle 2022), mCherry was
C-terminally tagged using a pFa6 mcherry tagging plasmid (a kind gift from the Thorn lab

https://www.addgene.org/44643/) amplified using the following primers:

Sod1FwdMcherrytag

CGGTCGCAGGACACCCTGGTTGGTTCATTGGTTACACCAGCGTGACGGTGCTGGTTT
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https://www.addgene.org/44643/

Sod1RevMcherrytag

ACTTACATACAGCGTTTTTTAACATGAATTAATCAATTAACACTGAATGAATTCGAGCTCG

Correct insertion of mCherry was confirmed the primers Sod1McherryFwdCheck 5'- GTG
TCT CTG GTC GTC CTC AC -3' and Sod1McherryRevCheck 5'- GAC TAA GAA TGT CCC AGG CG
-3'. VMA2 was tagged with GFP at the Nterminus using a gateway LR cloning reaction as per
manufacturer’s instructions using an N-terminal GFP tag destination vector (426-GPD-eGFP-
ccdB) and a pDONR201-VMA2-KAN (entry clone). The GFP-VMAZ2 plasmid was introduced
into Sod1-mCherry or Sod1**V-mCherry strains and maintained in -URA3 selective media.
Cells were grown to log phase in -URA3 media containing 2 % glucose. FLIM data was
collected using a one-photon time correlated single-photon counting (TCSPC) PC module
(SPC830, Becker and Hickl GmbH) coupled to a Nikon confocal system (Eclipse EC2, running
a EZ-C1v.3.91 software, Nikon) attached to a Nikon Ti-E microscope The system is equipped
with a SuperK EXTREME NKT-SC 470-2000 nm supercontinuum white light laser (NKT
Photonics) which generates at 80 MHz repetition rate with 70 ps pulse width. The desired
wavelengths were selected using a SuperK SELECT multi-line tuneable filter (NKT photonics).
The FLIM platform was assembled and calibrated regularly using fluorescence probes in
solution with known excited state lifetime such GFP, fluorescein at pH11 and 7-
hydroxycoumarin carboxylic acid. Prior to FLIM acquisition, confocal imaging of GFP,
mCherry, and transmitted light was carried out following excited at wavelengths of 488 nm
and 561 nm respectively using a Nikon 60x VC (NA 1.20) with water immersion objective.
Fluorescence emissions of GFP and mCherry were selected with a Nikon 520£35 and a
Comar 633IU filters, respectively. Following confocal imaging to ensure the presence and
expression of the chromophores, GFP lifetime was measured with HPM100-40 detector and

raw FLIM data were generated by the TCSPC software v.9.77 (Becker and Hickl, GmbH). Raw
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FLIM images were analysed with the SPCImage software v.6.9 (Becker and Hickl, GmbH) and
exported as TIFF images. During the FLIM data analysis, an incomplete multiexponential fit
model with a laser repetition time value of 25 ns was used for the decay curve fitting that do
not decay to the base line. Lifetime values with x? between 0.9 and 1.2 were taken as good
exponential decay fit. GFP/RFP was used as the FRET pair with Sod1 or Sod1*%' tagged in the

genome with mCherry and VMAZ2 on a plasmid (URA selection).

4.3 Results

4.3.1 Interaction between Sod1 and parts of the vATPase (VMA2)
using FLIM/FRET

One of the key findings through previous work was the potential interaction between Sod1
and parts of the vATPase (VMA2). We therefore sought to explore this further using
FLIM/FRET microscopy. The fluorescence microscopy tool FLIM/FRET is commonly used to
study protein-protein interactions by measuring energy transfer between them. It uses
changes in the fluorescence lifetime of the donor molecule to detect if energy is transferred
to an acceptor. FLIM measures the fluorescence lifetime of a fluorophore which is the
average time a light-absorbing molecule (fluorophore) remains excited after absorbing light
before emitting a lower-energy photon and returning to its normal state. FLIM thus tracks
changes in the donor’s light emission time. FRET (FOrster Resonance Energy Transfer)
happens when energy from an excited molecule (the donor) transfers to a nearby molecule
(the acceptor) without emitting light. The donor returns to its normal state, and the

acceptor may emit light if it is fluorescent. FRET works over very short distances (less than
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10 nm) and needs the donor and acceptor to be close, have overlapping light spectra, and

be properly aligned (Liput et al., 2020).

Previous data by Dr Kevin Doyle showed an interaction between Sod1 and parts of the
vATPase (Vma2, Vma4 and Vma8) (Doyle, 2022). This interaction between Sod1 and Vma?2
was explored further using FLIM/FRET microscopy with GFP/RFP as the FRET pair, where
Sod1 or Sod174V were tagged in the genome with mCherry and Vma2 tagged with GFP
expressed from a high copy plasmid (URA selection). By overexpressing VMA2-GFP on a
plasmid we reasoned the effects of an interaction may be observed given that Sod1 is a very
abundant protein. The core idea is that if Sod1-mCherry interacted or was localised close
enough to Vma2-GFP at the vacuole (putative interaction) then energy transferred from GFP
upon excitation to mCherry would lead to a reduction in lifetime of GFP as measured by
FLIM at the vacuole. The lifetime of Vma2-GFP was assessed in multiple cells and an average
calculated in each cell from a number of points on the vacuole membrane that was clearly
visible under GFP illumination (Figure 2 B). The raw data used to calculate the final averages

is presented in supplementary appendix Figure 1.

A small but reproducible reduction in Vma2-GFP lifetime when Sod1-RFP (FRET acceptor)
could be observed suggesting proximity but most likely at a distance that does not support a
direct interaction between Sod1 and Vma2. No significant difference in Vma2-GFP lifetime
could be observed when Sod1%V — mCherry was co-expressed when compared to its control

(Figure 2 A). A similar result could be observed when Sod1%37R was present (Figure 2 A).
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4.3.2 Generation of new strains to complete the knockout library

The FLIM/FRET observation that Sod1**V and Sod1%3R do not interact directly with the
vATPase led us to investigate other possibilities that may be responsible for the metabolic
defects observed when mutated Sod1 is overexpressed in a Asod1 background (Bastow et
al., 2016). Kevin’s Doyles work (Doyle, 2022) suggested that calcium stress, calcineurin
signalling, and zinc addition may be linked to Sod1 mutant induced vacuole dysfunction. To
investigate whether the presence of calcium or zinc stress or the inhibition of calcineurin
signalling led to an increase in Sod1*4 mediated vacuole dysfunction, we made use of and
expanded a vacuole knockout library constructed by Dr Kevin Doyle. The layout for this
vacuole knockout library is presented in Figure 3 A. The control plate contains 72 knockouts
from the MATa deletion library (Doyle, 2022) selected as genes linked with the vacuole by
annotation provided within the S. cerevisiae genome database. The vacuole KO library
contains a number of mutants lacking genes encoding amino acid, metal ion and other
transporters located on the vacuole membrane. The Sod124" plate contains the same 72
knockout strains but have the pAG306 chr | vector expressing Sod1*%V integrated into the
genome (Doyle, 2022). For both the control and Sod1*%' plate, the first six strains in wells
A1-A6 contain the strains, WT EV (BY4741 pAG306 empty vector), WT SOD1 (BY4741
pAG306 WT SOD1), WT Sod124V (BY4741 pAG306 Sod1**, Asod1 (Asod1 pAG306 empty

vector), Asod1 SOD1 (pAG306 WT SOD1), Asod1 Sod1**V (pAG306 Sod174Y).

The pAG306 SOD1**V vector was integrated into each knockout and confirmed by PCR by Dr

Kevin Doyle (Doyle, 2022).

In addition, we expanded the library to include six additional strains that have gene

ontology links to vacuole function; Aypq1, Aypq2, Aypq3, Acnbl, Acnal, and Acmp2 that
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were not included in the original library. Here, the pAG306 SOD1*%V vector was integrated

into each knockout, confirmed by PCR (Figure 3 B) and included in the library.
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Figure 3 Expanded vacuole knockout library.
A) Layout of the vacuole KO library containing 72 knockouts from the MATa deletion library. The

mutants lack genes encoding amino acid, metal ion and other transporters located on the vacuole
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4.3.3 Assessment of effects of Sod1*4V expression in vacuole KO
library in YPD

From previous work we found that Sod1 may be important in regulating calcineurin (Cn)
activity and thus be important in the calcium response (Doyle, 2022). We therefore sought
to test the effects of several stresses when Sod1**V was expressed: 50 mM CaCly, Cn
inhibitor FK506 and 4 mM ZnCl,. To identify potential synthetic interactions between these
stresses and Sod1*%V with processes linked to vacuole function, we investigated the effects
on growth in the vacuole KO library. From this, total AUC (area under the curve) values,
which are a representation of total growth, were obtained and heatmaps generated (Figure
4 A, B). From the total AUC values, we then calculated the fold change of Sod1#*V expressing
strains over empty vector (EV) control vacuole KO library strains. Fold change analysis of
strains grown in standard YPD medium without stresses revealed significant differences
compared to the fold change of WT EV vs. Sod1*% in following vacuole KO library strains:
Aathl EV vs. Aath1 Sod1*% (increased), Aegol EV vs. Aegol Sod1*%V (decreased), Avtcl EV
vs. Avtcl Sod17%V (decreased), Avps34 EV vs. Avps34 Sod1**V (decreased), Aatg18 EV vs.
Aatg18 Sod1*%V (decreased), Avba5 EV vs. Avba5 Sod1*4V (decreased), Anhx1 EV vs. Anhx1
Sod17% (decreased), and Aatg8 EV vs. Aatg8 Sod1**V (decreased) (Figure 5 A). The functions
of each vacuole KO library strain that showed significant differences in fold change values

compared to the WT EV in YPD (see described above) are described in Figure 5 B.
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Figure 4 Potential synthetic interactions between expression of mutant Sod1* and
different gene deletions invalved in metabolic functions of the vacuole in 5. cerevisiae.

A, B) Heatmaps generated from AUC values obtained from growth screen of the vacuole
knockout library in standard YPD media.

Gene Knockouts expressing pAG306 EV (A) or pAG306 Sod14% (B) are indicated. The AUC
data was displayed as a blue gradient as shown in the key whereby the highest value set
was 38 units and the lowest value set was 20 units. Values outside the set values are
coloured white. The heatmaps represent the average AUC of three biological repeats for
each strain.
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B Strain Fold change | Function
Aegol Decreased Subunit of EGO/GSE complex;
0.89 vacuolarfendosomal membrane-associated
EGO,/GSE complex regulates exit from rapamycin
induced growth arrest, stimulating
microautophagy and sorting of Gaplp frem
endosome to plasma membrane
Avtel Decreased Regulatory subunit of vacuolar transporter
0.88 chaperane (VTC) complex; VTC complax is
involved in membrane trafficking, vacuolar
polyphaosphate accumulation, microautophagy
and non-autophagic vacuolar fusion
Avps34 Decreased Phosphatidylinositol (P1) 3-kinase that synthesize
0.81 Pl-3-phosphate; forms membrane-associated
signal transduction complex with Vps15p to
regulate protein sorting; activated by the GTP-
bound form of Gpalp
Aatgls Decreased Phosphoinositide binding protein; required for
0.a7 vesicle formation in autophagy and the
cytoplasm-to-vacuole targeting (CVT) pathway
Avbas Decreased Plasma membrane protein of the Major
0.80 Facilitator Superfamily (MF5); involved in aming
acid uptake and drug sensitivity
Anhx1 Decreased Ma+/H+ and K+/H+ exchanger
0.63
Aatgd Decreased Ubiquitin-like protein conjugated to
0.86 phosphatidylethanolamine (PE); rale in
membrane fusion and phagophore expansion
during autophagosome formation; triggers its
vacuolar degradation
Aathl Increased Acid trehalase involved in intracellular trehalose
261 degradation during growth recowvery after saline
stress

Figure 5 Potential synthetic interactions between expression of mutant Sod1*" and different gene
deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A) Fold change comparisan of growth of strains expressing the Sod1*" mutation versus the same
strain containing an empty control vector when grown in YPD media. The graphs show the
foldchange of strains containing the Sod1*Y mutations vs. strains lacking the Sod1% mutation. The
fold changes were compared to the WT empty vector vs WT Sod1*? fold change. The error bars
represent the standard deviation. A One-Way ANOVA using a Tukey multiple comparison test was
used to determine statistical significance. {*) flags levels of significance compared to the WT/A4V, p
< (0.05.

The graph represents three biological repeats.

B) List of KO strains and their gene function showing significant fold changes compared to the WT
fold change under normal YPD conditions.
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4.3.4 Assessment of effects of Sod124 expression in vacuole KO
library under 50 mM Calcium stress

After establishing potential synthetic interactions of strains from the vacuole knockout
library in YPD medium without any additional stresses, we repeated the same experiment in
the presence of 50 mM CaCl;, a level that is well tolerated by S. cerevisiae cells. Fold change
analysis of vacuole KO library strains grown in YPD medium supplemented with 50 mM
CaCl; revealed significant differences compared to the fold change of WT EV vs. Sod14% in
following vacuole KO library strain combinations: Aras2 EV vs. Aras21 Sod12%V (decreased),
Ayvcl EV vs. Ayvel Sod1A%Y (decreased), Anhx1 EV vs. Anhx1 Sod1*%V (decreased), Aathl EV
vs. Aathl Sod1** (increased), Acccl EV vs. Acccl Sod124 (increased), and Avps34 EV vs.
Avps34 Sod1A% (increased) (Figures 6, 7 A). The functions of each vacuole KO library strain
that showed significant differences in fold change values compared to the WT in YPD

supplemented with 50 mM CaCl; (see described above) were described in Figure 7 B.
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Figure 6 Potential synthetic interactions between expression of mutant Sod1*'V and different
gene deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A, B) Heatmaps generated from AUC values obtained from growth screen of the vacuole
knockout library in YPD media supplemented with 50 mM CacCl,.

Knockouts expressing pAG306 EV (A) or pAG306 Sod14'V (B). The AUC data was displayed as a
blue gradient as shown in the key whereby the highest value set was 38 units and the lowest
value set was 20 units. Values outside the set values are coloured white. The heatmaps represent
the average of three biological repeats.
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Strains
Strain Fold change  Function
Aras2 Decreased GTP-binding protein; regulates nitrogen
0.31 starvation response, sporulation, and filamentoL
growth; farnesylation and palmitoylation require
for activity and localization to plasma membrane
activated by increased levels of glycolysis
intermediate fructose-1,6-bisphosphate; homolc
of mammalian Ras proto-oncogenes
Ayvel Decreased Vacuolar cation channel; mediates release of Ca
0.83 (2+) from the vacuole in response to
hyperosmotic shock
Anhx1 Decreased Na+/H+ and K+/H+ exchanger
0.84
Avps34 Increased Phosphatidylinositol (PI) 3-kinase that synthesize
131 PI-3-phosphate; forms membrane-associated
signal transduction complex with Vps15p to
regulate protein sorting.
Aathl Increased Acid trehalase involved in intracellular trehalose
131 degradation during growth recovery after saline
stress
Acecl Increased Vacuolar Fe2+/Mn2+ transporter
135

Figure 7 Potential synthetic interactions between expression of mutant Sod1%V and different
gene deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A) Fold change comparison of growth of strains expressing the Sod1*" mutation versus the
same strain containing an empty control vector when grown in ¥YPD media supplemented with
50 mM CacCl.. The graphs show the faldchange of strains containing the Sod1% mutations vs.
strains lacking the Sod1%%V mutation. The fold changes were compared to the WT empty vector
vs WT Sod1*" fold change. The error bars represent the standard deviation. A One-Way ANOVA
using a Tukey multiple comparison test was used to determine statistical significance. (*) flags
levels of significance compared to the WT/A4V, p < 0.05.

The graphs represent three biological repeats.

B) Table 2 List of KO strains and their gene function showing significant fold changes compared
to the WT fold change after 50 mM CaCl,.
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4.3.5 Assessment of effects of Sod124 expression in vacuole KO
library under Calcineurin inhibition (FK506)

We also investigated potential synthetic interactions of strains from the vacuole knockout
library when calcineurin was inhibited by 100 uM FK506, a value that has been
demonstrated to lead to Cn inhibition (Doyle, 2022). Fold change analysis of vacuole KO
library strains grown in YPD medium supplemented with 100 uM FK506 revealed significant
differences compared to the fold change of WT EV vs. Sod1%V in following vacuole KO
library strains: Avex1 EV vs. Avex1 Sod12%V (decreased), Apfk2 EV vs. Apfk2 Sod144Y
(decreased), Aras2 EV vs. Aras2 Sod174V (decreased), Ayvcl EV vs. Ayvel Sod1A4Y
(decreased), Artg3 EV vs. Artg3 Sod1*V (decreased), Aego3 EV vs. Aego3 Sod144Y
(decreased), Agtrl EV vs. Agtrl Sod1**V (decreased), Azrc1 EV vs. Azrc1 Sod1*%V (decreased),
Atps3 EV vs. Atps3 Sod1*% (decreased), Atps1 EV vs. Atps1 Sod1*%V (decreased), Anth2 EV
vs. Anth2 Sod1”% (decreased), Ayck2 EV vs. Ayck2 Sod1*%V (decreased), Aegol EV vs. Aegol
Sod1**V (decreased), Aptk2 EV vs. Aptk2 Sod174V (decreased), Avtcl EV vs. Avtcl Sod144Y
(decreased), Avba3 EV vs. Avba3 Sod12%V (decreased), Avtc3 EV vs. Avtc3 Sod1A4Y
(decreased), Aatg1 EV vs. Aatgl Sod1**V (decreased), Avps15 EV vs. Avps15 Sod1A4Y
(decreased), Afet5 EV vs. Afet5 Sod17%Y (decreased), Avba5 EV vs. Avba5 Sod1A4Y
(decreased), Accc2 EV vs. Accc2 Sod17%Y (decreased), and Aathl EV vs. Aath1 Sod1A4Y
(increased) (Figure 8, 9 A). The functions of each vacuole KO library strain that showed
significant differences in fold change values compared to the WT in YPD supplemented with

100 uM FK506 (see described above) were described in Figure 9 B.
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Figure 8 Potential synthetic interactions between expression of mutant Sod1*" and different gene
deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A) and B) Heatmaps generated from AUC values obtained from growth screen of the vacuole
knockout library in YPD media supplemented with 100 uM FK506.

Knockouts expressing pAG306 EV [A) or pAG306 Sod14%Y (B). The AUC data was displayed as a blue
gradient as shown in the key whereby the highest value set was 38 units and the lowest value set
was 20 units. Values outside the set values are coloured white. The heatmaps represent the average
of three biological repeats.
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Avexd Decreased Wacuolar membrane antiporter with CaZ+ M+ and K=/H+ exchange

1.05

Apfik2 Decreased Beta subunit of heteraactameric phosphofructokinase; involved in ghyeolysis; indispensable for
0.98 anaerobic grawth

Args? Decreased GTP-binding pratein; regulates nitrogen starvation response, sporulation, and filamentous growth;
0.99 farnesylation and palmitoylation required for activity and localization to plasma membrane; activated

by increased levels of glycalysis intermediate fructase-1,6-bisphasphate

Aywel Decrmased Vacuolar cation channel; mediates release of Cal2#) from the vacuole in responde to hyperasmatic
0.83 shock

Artgd Decreased bHLH/Zip transcription factor for retrograde (ATG) and TOR pathways
0.9%

Aegod Decr ased Subunit of EGOYGSE complex; vacualar/endasomal membrane-associated EGOYGEE complex regulates
0.90 exit from rapamycin-induced growth arrest, stimulating microautophagy and sorting of Gaplp fram

endosome ta plasma membrane; essential for integrity and function of EGO; targeted to vacuale via
AP-3 pathway; gene exhibits synthetic genetic interaction with M254

Agl Ber Eased Subunit of TORCL-stimulating GTPase and EGO/GSE camplex; subunit of Gtrl-Gird GTPase that
1.04 activates TORCL in response to amino acid stimulation; subunit of EGDYGSE vacualar membrane
complex that regulates sxit from rapamycin-induced growth arrest and sorting of Gaplp

drred Decreased Vacuolar membrane zinc transporter
1.04
Atpsd Decreased Regulatory subunit of trehalose-G-phosphate synthase/phosphatase
0.81
Atpsl Decreased Symthase subunit of trehalose-6-P synthase/phosphatase complex
0.9%
Anth2 Decreased Putative neutral trehalase, required for thermotol erance
112
Ayck2 Decreased Palmitalated plasma membrane-bouwnd casein kinase |
1.04
Aegod Decreased Subunit of EGOYGSE complex; vacualar/endosomal membrane-associated EGO/GSE complex regulates
0.89 exit from rapamycin-induced growth arrest, stimulating microautophagy and sorting of Gaplp from
endasome ta plasma membrane
dAptk2 Decreased Serine/fthreanine protein kinase; invalved in regulation of ion transport across plasma membrane
1.05
Avtel Deereased Regulatory subunit of vacualar transporter chaperone (VTC) complex; WTC eomples is immalved in
0.96 membrane trafficking, vacualar palyphosphate accumulation, microautophagy and non-autophagic
vacualar fusion
Awbad Decreased Permease of basic amino acids in the vacuolar membrane
105
Avetd Decreased Regulatory subunit of vacualar transporter chaperone (VTC) complex; invelved in membrane trafficking,
1.04 vacuolar palyphosphate accumulation, micra phagy and phagic vacualar fusion
dAaotgl Decreased Protein serine/threonine Kinase; required for vesicle formation in autaphagy and the eytoplasm-ta-
1.04 wvacuale targeting [Cvt) pathway; structurally required for phagophore assembly site formation; farms a
complex with Atgl3p and Atgl7p during autophagy
Avpsls Desreased Serinefthreanine protein kinase invehlved in vacuolar protein sorting; functions a3 a membrane-
0.74 associabed complex with Vpa3dp; active form recruits Vps3dp to the Golgi membrane
Afets Decreased Multicopper oxidase
0.96
Avbas Decreased Plasma membrane pratein of the Major Facilitator Superfamily; invalved in amino acid uptake and drug
0.07 sensitivity
Acccd Decreased Cul+Z-transporting P-type ATPase
1.04
Anthl Inereased Acid trehalase invalved in intrace|lular trehalose degradation during growth recovery after saline stress
2.29
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Figure 9 Potential synthetic interactions between expression of mutant Sod1* and different gene
deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A) ) Fold change comparison of growth of strains expressing the Sod1* mutation versus the same
strain containing an empty control vector when grown in ¥YPD media supplemented with 100 u
FK506. The graphs show the foldchange of strains containing the Sod1*Y mutations vs. strains
lacking the Sod1%%" mutation. The fold changes were compared to the WT empty vector vs WT
Sod1* fold change. The error bars represent the standard deviation. A One-Way ANOVA using o
Tukey multiple comparison test was used to determine statistical significance. (*) flags levels of
significance compared to the WT/A4V, p < 0.05.

The graphs represent three biological repeats.

B) List of KO strains and their gene function showing significant fold changes compared to the WT
fold change under 100 uM FK506.

Gene ontology analysis using the Saccharomyces genome database SLIM Mapper function

term analysis revealed: kinases (Atg1, Pfk26, Ptk2, Vps15, Yck2) and phosphatases (Tps1,

Tps3) within the FK506 synthetic interaction hits. Transmembrane activity was also present

as a GO term within the deletion strains tested (Ccc2, Vba3, Vcx1, Yvcl, Zrcl), with two hits

being known calcium transporters (Yvcl and Vcx1) as was the synthesis of trehalose (Figure

10).
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GO Terms from the molecular function Ontology
GO Term (GO ID)
e activity (GO:0016301)
e transporter activity (GO:0022857)
(GO:0043167)
hatase activity (GO:0016791)
n glycosyl bonds (GO:0016798)
vity (GO:0003924)
ferase activity (GO:0016757)
(GO:0003729)
julator activity (GO-0030234)
1 factor binding (GO-0008134)
axidoreductase activity (GO:0016491)
DNA binding (GO:0003477)
tein binding {GO:0032182)

ranscription facte

r activity (GO-0003700)

Genes Annotated to the GO Term
ATG1, PFK26,PTK2,VPS15,YCK2
CCC2,VBASZ, W YVC1, ZRC1
CCl RAS R(
Ps I
ATHI,NTH
GTR]1, RA
PsS |
VTC1
153
RTG:
FE
RTG:
VPS
RTG3

Figure 10 Gene ontology analysis of hit gene set obtained for FK506.
The Gene Ontology Slim Termn Mapper was used to obtain the functions and processes in which the gene hits

obtained from Fold change comparison of growth of strains expressing the Sod1***

J

GO Term Usage in Gene List
50f 22 genes, 22.73%
5of 22 genes, 22.73%
3 of 22 genes, 13.64%
201 22 genes, 2.09%
20f 22 genes, 9.09%
20f 22 genes, .09%
20f 22 genes, 2.09%
10f 22 genes, 4.55%
10f 22 genes, 4.55%
10of 22 genes, 4.55%
10f 22 genes, 4.55%
10f 22 genes, 4.55%
10of 22 genes, 4.55%

10of 22 genes, 4.55%

mutation versus the same

strain containing an empty control vector when grown in YPD media supplermented with 100 uM FK506

(Figure 9},

httos://www.yeastgenome.org/goSlimMapper

library under 4 mM Zinc stress

4.3.6 Assessment of effects of Sod144Y expression in vacuole KO

Zinc stress was the last stress condition we sought to follow up based on preliminary

findings presented from previous work by Dr Kevin Doyle (Doyle, 2022).

Generally lower AUC values for all vacuole KO library strains could be observed in the 4 mM
ZnCl; screen (Figure 11 A, B) compared to the YPD (Figure 4), 50 mM CaCl; (Figure 6), and
100 uM FK506 screen (Figure 8). This suggests that 4 mM represents a significant stress to S.
cerevisiae cells. Fold change analysis of vacuole KO library strains grown in YPD medium

supplemented with 4 mM ZnCl; revealed significant differences compared to the fold
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change of WT EV/ Sod12% in following vacuole KO library strains: Aath1 EV vs. Aath1
Sod1*%V (increased) (Figure 12 A). Only the fold change of Aath1 EV vs Aath1 Sod1*%V showed
significant differences compared to the WT EV in YPD supplemented with 4 mM ZnCl,. Athl
is an acid trehalase involved in intracellular trehalose degradation during growth recovery

after saline stress (Figure 12 B).

The functions of each vacuole KO library strain that showed significant differences in fold
change values compared to the WT EV in YPD supplemented with 4 mM ZnCl; (see

described above) were described in Figure 12 B.
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Figure 11 Potential synthetic interactions between expression of mutant Sod1*% and different gene
deletions invalved in metabolic functions of the vacuole in 5. cerevisiae.

A, B) Fold change comparison of growth of strains expressing the Sod1% mutation versus the same
strain containing an empty control vector when grown in YPD media supplemented with 4 mM ZnCl;.
Knockouts expressing pAG306 EV (A) or pAG306 Sod1#'V (B). The AUC data was displayed as a blue
gradient as shown in the key whereby the highest value set was 38 units and the lowest value set was
20 units. Values outside the set values are coloured white. The heatmaps represent the average of
three biological repeats.
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Fold change 4mM ZnCl,

WT Aath1
Strains

Fold change | Function
Aathl Increased Acid trehalase involved in intracellular trehalose
2.61 degradation during growth recovery after saline
stress

Figure 12 Potential synthetic interactions between expression of mutant Sed1°"V and different
gene deletions involved in metabolic functions of the vacuole in 5. cerevisiae.

A) Fold change comparison of growth of strains expressing the Sod1*" mutation versus the same
strain containing an empty control vector when grown in YPD media supplemented with 4 mM
ZnCls The graphs show the foldchange of strains containing the Sod1* mutations vs. strains
lacking the Sod1* mutation. The fold changes were compared to the WT empty vector vs WT
Sod1* fold change. The error bars represent the standard deviation. A One-Way ANOVA using a
Tukey multiple comparison test was used to determine statistical significance. (*) flags levels of
significance compared to the WT/A4V, p < 0.05.

The graph represents three biological repeats.

B) List of KO strains and their gene function showing significant fold changes compared to the
WT fold change under 4 mM ZnCl,.

4.3.7 Summary of reproducible potential synthetic interactions
between Sod14Y and vacuole KO strains in YPD media and under 50
mM Calcium, calcineurin inhibition, and 4 mM Zinc stress

To identify whether there was any common vacuole KO deletion strain present in the four

growth conditions used to conduct the screens; YPD, 50 mM CaCl, and 100 uM FK506 a

Venn diagram was generated (Figure 13).
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There were no common gene deletions showing reduced fold change values compared to
the WT EV (Figure 13) between data sets generated to assess Sod1*%V toxicity in YPD media
(Figure 5) or YPD containing 50 mM CaCl; (Figure 7), or 100 uM FK506 (Figure 9). One gene
deletion showing reduced fold change values compared to the WT could be found in YPD
and 50 mM CaCla: Anhx1 EV vs. Anhx1 Sod12%V. Three common gene deletions showing
reduced fold change values compared to the WT were identified in YPD and 100 uM FK506:
Aegol EV vs. Aegol Sod1*%Y, Avtcl EV vs. Avtcl Sod1*%Y, Avba5 EV vs. Avba5 Sod1*%V. Two
gene deletions showing reduced fold change values compared to the WT were found
between 50 mM CaCl, and 100 uM FK506: Aras2 EV vs. Aras2 Sod1*%, Ayvcl EV vs. Ayvcl

Sod1A% (Figure 13).

YPD 50 mM CaCi2

100 pM FK506

Figure 13 Veenn diagram showing overiapping vacuole KO library strains of reduced foid change
values compared to the WT between YPD, 50 mM Cad,, 100 uM FK506, and 4 mM ZnCl,
conditions tested (Figures 5, 7, 9).

Oliveros, J.C. (2007-2015) Venny. An interactive tool for companing lists with Venn's diagrams.
https://bioinfogp.cnb.csic.es/tools/venny/index.htm!
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4.3.8 Sod1 and Sod1*4Vregulation of calcium response

The results from the vacuole knockout library screen described above suggested that the
loss of RAS2 or YVC1 leads to an increase in toxicity when expressing Sod124V when cells are
grown under conditions of calcium stress or Cn inhibition. The screen itself relied on a
transfer of cells from liquid to liquid without normalisation of cell number for practical
reasons. We therefore sought to verify the effects of loss of RAS2 or YVC1 by repeating
growth assays in a carefully controlled manner and at a higher concentration of 100 mM
CaCl,. Our rationale was that the elevated calcium stress level would return a larger

difference in growth that would be useful for subsequent experiments.

In YPD medium, no significant difference in growth could be observed in WT EV, WT Sod1
and WT Sod12%, whilst a slight increase in final ODgoo could be observed for Aras2 EV and
Aras2 Sod1**Y compared to the WT EV control. Additionally, there was a slight increase in
final ODeoo in Ayvcl EV and reduction in growth in Ayvcl Sod1*4V compared to the WT EV
control (Figure 14 A). However, fold change analysis of Aras2 EV vs. Aras2 Sod1*%V and Ayvcl
EV vs. Ayvcl Sod17% revealed no significant differences to WT EV vs. WT Sod124V in YPD

media (Figure 14 A).

In YPD media supplemented with 100 mM CacCl,, a longer lag phase in WT Sod1/4V
compared to the WT EV control could be observed. Furthermore, when exposed to 100 mM

CaCly, Aras2 EV showed a significant extended lag phase and very little growth compared to
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the WT EV control, whilst Aras2 Sod1*4V was not able to grow at all (Figure 14 B). Ayvcl
Sod1*%V also showed an increased lag phase and a significantly reduced final ODgoo
compared to the WT EV control (Figure 14 B). Significantly reduced fold changes compared
to the WT EV vs. WT Sod1”4V could be observed in WT Sod1 vs. WT Sod1*4V, Aras2 EV vs.
Aras2 Sod1*%V, and Ayvcl EV vs. Ayvel Sod12%V (Figure 14 B). These experiments confirm the

results of the larger screen.
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Figure 14 24 h Growth curve analysis of vacuole KO hits.

A) 24 h Growth curves of WT Sod1, WT Sod1%%, Aras2, Aras2 Sod1#%, Ayvcl, Ayvel Sod1%". Fold change
comparison of strains containing the Sod1%V mutation and strains lacking the Sod1*" mutation grown in YPD
media.

B) Growth curves of WT Sod1, WT Sod1*" Aras2, Aras2 Sod1*%, Ayvel, Apvel Sod1*.Fold change
comparison of strains containing the Sod1**" mutation and strains lacking the Sod1% mutation grown in YPD
media supplemented with 100 mM Ca(Cl..

The graphs shaw the Fold change of three biological repeats of strains containing the Sod1%%Y mutations vs.
strains lacking the Sod1*%Y mutation. The fold changes were compared to the WT empty vector vs WT Sod144V
fold change. The error bars represent the standard deviation. A One-Way ANOVA using o Tukey multiple
comparison test was used to determine statistical significance. (*) flags levels of significance compared to the
WT EV vs. WT Sod1%%, p < 0.05.

Given our findings that butyrate could reduce the effects of Sod1 mutant expression in C.

elegans and cultured neuroblastoma cells we sought to investigate its effects at a

214



concentration that is not anti-fungal. Specifically, we investigated whether butyrate addition

at 1 mM could rescue the effect of calcium toxicity in cells expressing Sod144V,

In YPD media supplemented with 1 mM NaB and 100 mM CaCl,, no changes in growth curve
profiles could be observed in WT Sod1, and WT Sod124 compared to the WT EV (Figure 15
A). The previously slightly increased lag phase observed in WT Sod144V compared to the WT
EV when 100 mM CaCl, was present (Figure 14 B) could be rescued when the WT Sod1A4V

was grown in 100 mM CaCl; along with 1 mM NaB (Figure 15 A).

In the presence of 100 mM CaCl; along with 1 mM NaB, partial growth rescue of Aras2
Sod1**V and Ayvcl Sod1*Y could be observed (Figure 15 A): as described previously in
Figure 14 B, 100 mM CaCl; could prevent growth of Aras2 Sod1*%V and significantly reduced
growth of Aras2 EV. In the presence of 1 mM NaB and 100 mM CaCl, Aras2 Sod1*%V showed
growth again having almost an identical growth curve profile as Aras2 EV. Interestingly, the
growth curve profile of Aras2 EV when grown in the presence of 100 mM CaCl,and 1 mM
NaB compared to the growth curve profile in the presence of 100 mM CaCl; only, did not

change (Figures 14 B, 15 A).

In the presence of 100 mM CaCl, Ayvcl Sod1*%V showed a significantly increased lag phase
and reduced growth (Figure 14 B). However, when grown in 100 mM CaCl; along with 1 mM

NaB this could also be partially rescued (Figure 15 A).

In the presence of 100 mM CaCl; and 1 mM NaB, no significantly changed fold changes
compared to the fold change of WT EV vs. WT Sod1*4V could be observed in WT EV vs. WT
Sod1, WT Sod1 vs. WT Sod1*%V, and Ayvcl EV vs. Ayvcl Sod1*4V (Figure 15 B). There was a
significant reduction in fold change in Aras2 EV vs. Aras2 Sod12%V compared to the fold

change of WT EV vs. WT Sod1”4V (Figure 15 B).
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To examine whether the effects of NaB had an effect on viability a colony forming unit
efficiency (CFU) analysis was conducted. Here, WT EV, WT Sod1, WT Sod1”4V, Aras2 EV,
Aras2 Sod1*%, Ayvcl EV and Ayvcl Sod174Y were exposed to 100 mM CaCl; for 4 h prior to
another 4 h of NaB incubation at either 1 mM or 100 mM concentration. There was no
significant difference in CFUs in the WT EV controls under YPD and 100 mM CaCl, exposure
(Figure 15 C). A slight, but significant, change in CFU efficiency compared to the WT EV was
observed for Aras2 Sod1*%V (~ 93 %) without any calcium or NaB exposure. Significantly
reduced CFUs were observed for WT Sod12%V (~ 86 %), Aras2 EV (~ 80 %), and Aras2 Sod1*4V
(~ 52 %) compared to the WT EV after 4 h of 100 mM CaCl; exposure (Figure 15 C). A4 h
exposure to 1 mM NaB after the 4 h 100 mM CaCl; incubation resulted in a 20 % reduction
of CFUs in the WT EV (~ 65 %) compared to the YPD WT EV control (~ 100 %). Additionally,
WT Sod1 (~ 45 %), WT Sod1*%V (~ 47 %), Aras2 EV (~ 37 %), and Aras2 Sod1”%V (~ 36 %)
showed severely decreased CFUs compared to the 1 mM NaB treated WT EV control (~ 65
%). Interestingly, whilst 1 mM NaB showed partial growth rescue in the Aras2 Sod1*%V strain,
CFU efficiency was significantly reduced but not more than in the 1 mM NaB-treated Aras2
EV strain (Figure 15 C). 100 mM NaB treatment resulted in even further CFU reduction as
expected as this concentration has antifungal activity. Here, WT EV showed a CFU of 13 %,

WT Sod1 12 %, WT Sod1*%V 12 %, Aras2 EV 10 %, and Aras2 Sod1*%V 9 % (Figure 15 C).

There were no significant changes in CFUs in Ayvcl EV and Ayvcl Sod1*%Y compared to the
WT EV in YPD media. 4 h 100 mM CacCl, incubation resulted in reduced CFUs in WT Sod144V
(~ 86 %), Ayvcl EV (~ 61 %) and Ayvcl Sod1*%Y (~ 45 %) compared to the WT EV control (~

95 %). A 4 h exposure to 1 mM NaB after the 4 h 100 mM CaCl; incubation resulted in a

reduction of CFUs in WT EV (~ 65 %), WT Sod1 (~ 45 %), WT Sod1”%" (~ 47 %), Ayvcl EV (~ 32
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%) and Ayvcl Sod1*%V (~ 36 %). 100 mM NaB treatment resulted in even further CFU
reduction: WT EV (~ 13 %), WT Sod1 (~ 12 %), WT Sod1%V (~ 12 %), Ayvcl EV (~ 15 %) and

Ayvcl Sod12%V (~ 5 %) (Figure 15 C).
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Figure 15 Effect of non-antifungal butyrate concentration on calcium toxicity in cells expressing
Sod14V,

A)24 h growth curves of WT EV, WT Sod1, WT Sod1%%, Aras2, Aras2 Sod1*, Ayvel, and Ayvcl Sod1#%Y
in YPD media supplemented with 1 mM NaB and 100 mM CaCl,.

B) Fold change analysis of WT Sod1, WT Sod14% Aras2, Aras2 Sod1%%, Ayvel, Ayvel Sod14%
comparing strains containing the Sod14 mutation and strains lacking the Sod1°%Y mutation grown in
¥PD media supplemented with 1 mM NaB and 100 mM CaCls.

C) CFU analysis of Aras2, Aras2 Sod1*%Y, Ayvel, and Ayvel Sed1*¥ after 100 mM CaCl, exposure prior
4 h of either 1 mM or 100 mM NaB treatment.

The data shown represents an average of three biological repeats. The error bars represent the
standard devigtion. A One-Way ANOVA using a Tukey multiple comparison test was used to determine
statistical significance, p < 0.05.

Ad

4.3.9 Sod1*-induced calcium toxicity is not linked to cell death in
Aras2 and Ayvc1

Sod1**V-induced calcium toxicity was observed in growth curve and CFU analysis above in
Aras2 EV and Ayvcl EV (Figure 15). We therefore sought to investigate whether calcium
toxicity was linked to cell death or ROS accumulation through flow cytometry analysis. Here,
high ROS levels, a common indicator of cell death in S. cerevisiae cells, were assessed by
fluorescence output of the indicator dye H,DCF-DA, and co-staining of cells with the
propidium iodide (Pl) was used to assess necrosis. The CGY638 (Acox4) mutant strain was
used as positive ROS signal control (Leadsham et al., 2013), and a heat-killed culture sample
was used as a positive Pl control. Measurement events were gated on the flow cytometer to
ensure that singlet yeast cells were being recorded (Figure 16 A). The analysis revealed that
there was no significant change in median FITC values in WT EV, Aras2 EV, Aras2 Sod144Y
compared to the ROS and Pl controls and compared to the WT EV under stress-free and 100
mM CaCl; stress conditions (Figure 16 B). This could also be visualised well in the flow

cytometry profiles which show no necrosis or high ROS accumulation in WT EV, Aras2 EV,
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Aras2 Sod1*%V. There was only a very small population (10 %) of Aras2 Sod1**V showing
necrosis and high ROS (Figure 16 C). This suggests that the calcium toxicity observed in

Figure 15 above is not linked to cell death when RAS2 is deleted and SOD1”%Y present.
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Figure 16 Flow cytometry analysis measuring ROS in cells lacking RASZ2 in the presence or absence of
S0D1*Y under 100 mM CaCl, addition.
A) showing gating used to select “singlet” cells rather than “doublets” or clumps of cells. On the X-axis
PerCP-A indicates viability or cell death (Pl stain), and the Y-axis was labelled H2DCFDA-A to detect ROS
accumulation. A quadrant analysis was used to determine cells that contained either or both HZ2DCF-DA or

Pl signal.

B) Median FITC values of WT, Aras2, and Aras2 Sod1* with or without 100 mM CaCl, stress, the error bars
represent the standard deviation. A One-Way ANOVA using a Tukey multiple comparison test was used to

determine statistical significance, p <0.05.
C) H2DCFDA and PerCP-A graphs of WT, Aras2, and Aras2 Sod1*Y with or without 100 mM CaCl, stress
The data shown represents an average of three biological repeats.
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Whether Sod1**V-induced calcium toxicity was linked to cell death or ROS accumulation in
Ayvcl EV was also investigated via flow cytometry analysis revealing that there was no
significant change in median FITC values in WT EV, Ayvcl EV, Ayvcl Sod1*%V compared to the
ROS and PI controls and compared to the WT EV under stress-free and 100 mM CaCl; stress

conditions (Figure 17 A, B).
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Figure 17 Flow cytometry analysis measuring ROS in cells lacking YVC1 in the presence or absence of
SOD1*Y under 100 mM CaCl, addition.

A) Quantification of median FITC values detecting ROS or non-viable cells in WT, Ayvcl, and Ayvcl
Sed1*V with or without 100 mM CaCl, stress. The data shown represents an average of three biological
repeats. The error bars represent the standard deviation. A One-Way ANOVA using a Tukey multiple
comparison test was used to determine statistical significance, p < 0.05.

B) A quadrant analysis was used to determine cells that contained either or hoth H2DCF-DA or Pl signal,
where PerCP-A indicates viability or cell death (Pl stain), and H2DCFDA-A to indicates ROS
accumulation.
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4.3.10 Sod 174V expression induces calcium flux imbalance

To investigate whether Sod1**V induced intracellular calcium imbalance, we sought to
measure intracellular calcium dynamics, utilising the calcium-sensitive aequorin system.
Aequorin, a calcium-binding photoprotein, comprises an apoprotein and the luciferin
molecule coelenterazine in the presence of oxygen. Upon calcium binding, aequorin
undergoes a conformational change, converting coelenterazine into excited coelenteramide
and carbon dioxide. As coelenteramide returns to its ground state, it emits blue light, which
we detected using a luminometer at a wavelength of 469 nm (Mithofer and Mazars, 2002)
(Figure 18). Each deletion strain carried either an empty vector (EV) or the Sod1A4Y mutation
integrated into the genome of the wild type S. cerevisiae strain. To investigate intracellular
calcium responses under different conditions (e.g. no substrate, 5 uM coelenterazine

(substrate), 100 mM CacCl,), calcium curves were generated.
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Figure 18 Graphical representation of the mechanism of light emission by aequorin upon calcium binding.
A) Graphical representation of the mechanism of light emission by aequorin upon calcium binding. Image
by (Mithofer and Mazars, 2002).

B) Annotated graph of aequorin luminescence showing the intracellular calcium accumulation. Calcium
accumulations were calculated as AUCs after the addition of 100 mM CaCl;starting at time point 0.57 h.
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In the WT EV strain, the no substrate baseline appeared lower than the 5 uM coelenterazine
(substrate) control. Subsequent comparisons of stress conditions were made relative to the
substrate control, which represents the basal intracellular calcium level under assay
conditions. Basal intracellular calcium levels in the WT EV remained consistently low

throughout the assay period (Figure 19 A).

The addition of 100 mM CaCl; triggered a rapid increase in intracellular calcium, with levels
peaking shortly after stress treatment and gradually returning to substrate/basal calcium
levels within approximately 1 h (Figure 19 A). This pattern suggests a transient calcium influx

followed by restoration of cytosolic calcium homeostasis (Figure 19 A).

Expression of Sod1*4Vin the WT background appeared to lead to loss of calcium responses
to 100 mM CaCl; addition (Figure 19 B) and to lower basal calcium levels compared to EV-
expressing WT cells. Overall, the luminescence profiles suggest that expression of Sod144V in

the WT background alteres intracellular calcium responses to calcium stress.

In Aras2 EV cells, the no substrate baseline appeared lower than the 5 uM coelenterazine
(substrate) control (Figure 19 A). However, the substrate control displayed a gradual
increase in intracellular calcium levels over time, rather than a stable baseline. The upward
trend resembled a sigmoidal pattern, suggesting a progressive accumulation of intracellular
calcium during the assay under non-stressed conditions (Figure 19 A). Following the addition
of 100 mM CacCly, intracellular calcium accumulation appeared elevated with a pattern
similar to that observed in the substrate control (Figure 19 A). Thus, the calcium stress did
not produce a clearly distinct transient response above the existing increase observed under

basal conditions.
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Expression of Sod12%V in the Aras2 strain resulted in a lower no substrate baseline compared
to the substrate control (Figure 19 B). Similar to Aras2 EV cells, Aras2 Sod1*%V cells exhibited
a gradual increase in intracellular calcium levels under basal conditions (substrate control).
In this case, the increase appeared more linear over time, suggesting a steady accumulation
of intracellular calcium throughout the assay in the absence of additional stress (Figure 19
B). Following the addition of 100 mM CaCl,, intracellular calcium levels in Aras2 Sod124V cells
followed a similar trend to the substrate control, with no clearly distinct transient response

above the elevated basal levels (Figure 19 B).

Comparison of the Aras2 EV and Aras2 Sod1*4Y profiles showed that the Sod1*4V-expressing
cells displayed higher basal calcium levels and a more sustained increase in intracellular
calcium following the addition of 100 mM CaCl, . These profiles suggest that the expression

of Sod1*4V in the absence of RAS2 is associated with altered calcium dynamics.

When comparing WT EV with Aras2 EV cells, the luminescence profiles under no-substrate
conditions appeared similar. However, the Aras2 EV cells displayed a gradual increase in
intracellular calcium under substrate conditions and following the additions of 100 mM

CaCl,, in contrast to the transient response observed in WT EV cells (Figure 19 A).

Visual inspection of the luminescence profiles showed that in WT EV cells, calcium levels
remained low under basal conditions, and the calcium stress triggered a transient peak that
returned to basal levels within about 1 h. In contrast, Aras2 EV cells showed a sigmoidal
increase in calcium levels under basal conditions and a similar, sustained pattern following

CaCl, addition, rather than a transient response (Figure 19 A).

Lastly, comparison of WT Sod12%" and Aras2 Sod1*%V strains appeared to show higher basal

calcium levels and higher calcium accumulations after 100 mM CaCl, treatment in Sod1A4V-
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expressing Aras2 strain, indicating that the absence of RAS2 further exacerbated calcium

dysregulation in the presence of the Sod1*4V mutation.

In the Ayvcl EV strain, the no substrate baseline appeared lower than the 5 uM
coelenterazine (substrate) control. Basal intracellular calcium levels in the Ayvc EV strain
remained relatively low throughout the assay. The addition of 100 mM CaCl; triggered a
rapid increase in intracellular calcium, with levels peaking shortly after stress treatment and
gradually returning to basal levels after about 1 h (Figure 19 A). This pattern suggests a

transient calcium influx followed by restoration of cytosolic calcium homeostasis.

In the Ayvcl Sod1”%V strain, the no substrate baseline also appeared lower than the 5 uM
coelenterazine (substrate) control. Basal intracellular calcium levels in the Ayvcl Sod1A4Y
strain remained relatively low throughout the assay. The addition of 100 mM CaCl; triggered
a rapid increase in intracellular calcium, with levels peaking shortly after stress treatment
and gradually returning to basal levels after about 1 h (Figure 19 B). This profile similarly

suggests a transient calcium influx followed by recovery towards basal levels.

Comparison of Ayvcl EV and Ayvcl Sod1*4Y cells showed broadly similar calcium profiles in
the absence and presence of calcium stress. When comparing WT EV with Ayvcl EV cells,
the profiles under no-substrate and substrate conditions appeared broadly similar, although
the rise in intracellular calcium following calcium stress appeared slightly less pronounced in

the Ayvcl EV strain compared to the WT EV (Figure 19 A).
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Lastly, comparison of WT Sod124" and Ayvc1 Sod12%V strain showed broadly similar basal
calcium profiles. However, intracellular calcium accumulation following the 100 mM CaCl,

addition seemed more pronounced in Ayvcl Sod1A% cells than in WT Sod1*%V (Figure 19 B).
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Figure 19 Effect of 100 mM CaCl, stress on calcium homeostasis in S. cerevisiae WT, Aras2, and Ayvcl
expressing the EV or Sod14%,

Strains were grown in appropriate media to mid log phase. Log-phase cells were then re-suspended at a
density of 10° cells/ml in fresh SD selective medium supplemented with 5 uM of the substrate
Coelenterazine. After baseline readings were taken (about 30 min) 100 mM CaCl, was added . The data
sets represent an average of three biological repeats. The error bars display the standard deviation.

A Two-Way ANOVA with post hoc tests: Tukey (within-strain comparisons); Sidak (WT vs. A) was used to
determine statistical significance, p < 0.05 of AUCs.

A) Aequorin luminescence curve at 469 nm measuring intracellular calcium levels in EV-expressing S.
cerevisiae WT, Aras2, and Ayvcl.

B) Aequorin luminescence curve at 469 nm measuring intracellular calcium levels in Sod1*4V-expressing
S. cerevisiae WT, Aras2, and Ayvcl.

Given that the expression of Sod1**V had clear effects on calcium regulation in WT, Aras2
and Ayvcl cells, we tested interactions between the Sod1*%V mutation and intracellular
calcium levels in more detail, focusing on the known calcium transporters and Cn regulators.
Specifically, we tested deletion strains of Pmc1 (a vacuolar Ca?* ATPase that removes Ca*

from the cytosol), Pmrl (a Ca?* ATPase that transports Ca?* into the Golgi), and Rcn2 (a Cn
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regulator). Each deletion strain carried either an empty vector (EV) or the Sod1*4V mutation

integrated into the genome of the wild type S. cerevisiae strain.

In the Apmc1 EV strain consistently low basal calcium levels under the substrate control
were observed throughout the assay. The addition of 100 mM CaCl; triggered a rapid
increase in intracellular calcium, with levels peaking shortly after stress treatment and
gradually returning near-substrate/basal calcium levels within approximately 1 h (Figure 20

A).

In the Apmc1 Sod1*%V strain, basal calcium levels appeared elevated relative to the no
substrate control but remained relatively low throughout the assay. The addition of 100 mM
CaCl; triggered a rapid increase in intracellular calcium with levels returning to near-

substrate levels a few minutes after stress treatment (Figure 20 A).

Comparison of the Apmc1 EV and Apmc1 Sod1**V profiles showed that basal calcium levels
appeared higher in Apmc1 Sod1*%V cells, whereas the response to calcium stress appeared
more pronounced in the Apmc1 EV strain (Figure 20 A). Overall, the two strains displayed

distinct calcium response profiles following the addition of 100 mM CacCl,.

When comparing WT EV with Apmc1 EV cells, basal calcium levels appeared higher in the
WT EV cells. Following 100 mM CacCl, addition, the initial rise in intracellular calcium
appeared more pronounced in Apmc1 EV cells (Figures 19 A, 20 A). The luminescence

profiles subsequently returned towards basal levels in both strains (Figures 19 A, 20 A).

Lastly, comparison of WT Sod174" and Apmc1 Sod1*%V strains showed broadly similar basal
calcium profiles. However, intracellular calcium accumulations after 100 mM CaCl; addition

seemed more pronounced in the Apmc1 Sod1*4V than the WT Sod1”%V (Figures 19 B, 20 A).
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In the Apmr1 EV strain, slightly elevated basal calcium levels were observed throughout the
assay compared with the no-substrate control (Figure 20 B). Following 100 mM CaCl;
addition, visual inspection of the luminescence profile revealed a rapid rise in intracellular

calcium accumulation which returned to basal levels after about 1 h (Figure 20 B).

In the Apmr1 Sod1*%V strain, slightly elevated basal calcium levels were also observed
compared with the no-substrate control (Figure 20 B). Following 100 mM CaCl; addition,
visual inspection of the luminescence profile revealed a slight rise in intracellular calcium

accumulation which returned to basal levels after about 1 h (Figure 20 B).

Comparison of the Apmr1 EV and Apmr1 Sod1**Y profiles showed broadly similar basal
calcium levels. However, the response to calcium stress appeared more pronounced in

Apmrl EV (Figure 20 B).

When comparing WT EV with Apmr1 EV, the basal calcium profiles appeared broadly similar.
However, the response to calcium addition appeared more pronounced in the Apmr1 EV

(Figures 19 A, 20 B).

Lastly, comparison of WT Sod1**V and Apmr1 Sod1*%V showed broadly similar basal calcium
levels(Figures 19 B, 20 B). However, visually Apmr1 Sod1**V appeared to have a slight

response to calcium addition (Figures 19 B, 20 B).

In the Arcn2 EV strain, consistently low basal (substrate control) calcium levels throughout
the assay could be observed. The addition of 100 mM CaCl; triggered a rapid increase in

intracellular calcium, with levels peaking shortly after stress treatment and gradually
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returning to near substrate/basal calcium levels within a few minutes (Figure 20 C).

In Arcn2 Sod14V elevated basal calcium levels throughout the assay could be observed
(Figure 20 C). Visual inspection of the luminescence profile of Arcn2 Sod1*%V showed that
the addition of 100 mM CacCl; triggered a rapid increase in intracellular calcium with levels

returning to substrate levels within a few minutes after stress treatment (Figure 20 C).

Comparing Arcn2 EV and Arcn2 Sod1*%V Arcn2 profiles showed that basal calcium levels
appeared to be higher in Arcn2 Sod1*4V. However, following the 100 mM CaCl, treatment

intracellular calcium accumulation appeared more pronounced in Arcn2 EV (Figure 20 C).

When comparing WT EV and Arcn2 EV, basal calcium levels appeared higher in the WT EV
(Figures 19 A, 20 C). Following 100 mM CaCl; addition, the calcium response appeared
broadly similar between the two strains, although calcium levels in the WT Ev strain

appeared to take longer to return to basal levels (Figures 19 A, 20 C).

Lastly, comparison of WT Sod1*%V and Arcn2 Sod174V showed higher basal calcium profiles in
the Arcn2 Sod17%V strain. Following the addition of 100 mM CaCl,, the Arcn2 Sod1*% strain
also displayed a more pronounced increase in intracellular calcium compared to WT Sod1/4V

(Figure 20 B)
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Figure 20 Effect of 100 mM CaCl; stress on calcium homeostasis in 5. cerevisiae deletions of calcium
transporters, Calcineurin {Cn) regulators, and Cn subunits.

Strains were grawn in appropriate media to mid log phase. Log-phase cells were then re-suspended at a
density af 10° cells/ml in fresh SD selective medium supplemented with 5 uM of the substrate
Coelenterazine. 100 mM CaCl, were added after baseline readings were taken after about 30 min. The
data sets represent an average of three biological repeats. The error bars display the standard deviation. A
Two-Way ANOVA with post hoc tests: Tukey {within-strain comparisons); Sidak {WT vs. A) was used to
determine statistical significance, p < 0.05 of AUCs.

A) Aequorin luminescence curve at 469 nm measuring intracellular calcium levels in Apmcl expressing
either EV or Sod1",

B) Aequoarin luminescence curve at 469 nm measuring intracellular calcium levels in Apmrl expressing
either EV or Sod 1%

C) Aequorin luminescence curve at 469 nm measuring intracellular calcium levels in Arcn2 expressing
either EV or Sod1",

Taken together, these results indicate that expression of Sod124V alters intracellular calcium
regulation, although the effect varied depending on the genetic background. In WT cells,
Sod1*%V expression was associated with reduced basal calcium levels and a loss of the
transient calcium response following CaCl, addition, suggesting impaired calcium signalling.
In contrast, Sod1*4V expression in the Aras2 background was associated with elevated basal

calcium levels and increased calcium accumulation following CaCl, exposure, indicating that
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loss of RAS2 further altered calcium regulation in the presence of Sod14V. Deletion of YV(C1
did not significantly alter the calcium response to Sod1*4V, although calcium accumulation
following CaCl, addition remained higher in Ayvcl Sod1*4Y compared with WT Sod1*% cells.
Similarly, deletion of PMC1 was associated with increased basal calcium levels in the
presence of Sod1*%V, whereas deletion of PMR1 did not result in significant differences in
calcium accumulation between EV and Sod124V-expressing cells. In the Arcn2 background,
Sod17%V expression resulted in elevated basal calcium levels but did not increase calcium
accumulation following CaCl, exposure. Overall, these findings suggest that Sod144V-
associated calcium dysregulation is influenced by the cellular mechanisms involved in
calcium transport and regulation, with RAS2 loss having the most pronounced effect on the

calcium phenotype observed in this study.

4.3.11 The loss of Sod1 interacting proteins leads to the perturbation
of Cn signalling

One possibility is that changes to Sod1 interactions leads to aberrant activity of one or more
of its downstream targets and this in turn could lead to the loss of Cn signalling. Here we
test this possibility by examining Cn activity in a number of strains lacking Sod1 effectors or
signalling components. These include the loss of SOD1, TOR1, AKR1, YCK1, YCK2, YPK1, YPK2,
EGO3, YNO1, and YVC1. Sod1 has been shown to regulate and stabilise the activity of the
casein kinases Yck1 and Yck2. Yck1 and Yck2 are important mediators in glucose signalling
and share redundant functions with each other. Akrl encodes a palmitoyl transferase which
prevents the palmitoylation of both Yck1 and Yck2 rendering them unable to function

correctly as they will no longer be localised correctly to the plasma membrane (Feng and
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Davis, 2000). Using Aakr1 essentially models a double deletion of YCK1 and YCK2. In
previous work Kevin Doyle reported a putative interaction between Sod1 and Ego3, which is
part of the Ego complex that senses amino acid levels at the vacuole leading to the
regulation of Tor1 signalling as a stop/signal for cell growth (Doyle, 2022). Sod1 has also
been linked to the regulation of Tor signalling and its loss leads to perturbations in amino
acid homeostasis (Tsang et al., 2018). We therefore also measured Cn activity in cells lacking
Ego3 or Torl as well as in strains lacking Ypk1 or Ypk2, kinases that have roles in regulation
of TORC1 activity. Intracellular calcium release through the vacuole is regulated by the
calcium channel Yvcl. As intracellular calcium levels affect calcineurin activation, we sought

to include the mutant Ayvcl.

To measure calcineurin activity a transcriptional GFP reporter plasmid was employed (Diessl
et al., 2020). It comprises of a GFP-tag that is C-terminally linked to a 4-fold repeat of the
calcineurin-dependant response element (CDRE). The expression of CDRE is driven by the
transcription factor Crz1 which becomes active upon dephosphorylation by calcineurin.
Thus, increased calcineurin activity promotes the expression of 4x-CDRE-GFP. Using this

reporter, calcineurin activity can be measured in live S. cerevisiae cells by flow cytometry.

The process for measuring calcineurin activity by flow cytometry using the 4x-CDRE-GFP

reporter can be seen in Figure 21 A-C. The phosphatase activity of calcineurin is activated by

2+
calmodulinina Ca dependant manner. Treatment of the wild type (WT) cells with 50 mM
CaCl; 1 h prior to measurement resulted in a 20- fold increase in calcineurin activity

compared to the untreated control (Figure 21 D). The overlay plot shows the FITC-A value

2+
(log scale) of WT cells grown to mid-log phase, either treated with Ca for 1 h prior to

measurement or untreated. FITC-A described the GFP fluorescence detected via the FL1
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2+
detector which filters at 530/30. The addition of Ca shifted the peak of FITC-A from

between 102 and 103 to 104 indicating a large increase in fluorescence intensity of the 4x-
CDRE-GFP reporter in response to calcium. The population of cells to be measured was
gated by size, and then further gated to select the “singlet” population and avoid any
“doublets” or clumps of cells. Using this method, the activity of calcineurin in response to
calcium treatment was measured in WT and Asod1 cells, and several deletion mutants

representing the metabolic functions of the vacuole grown to mid-log phase.

Median FITC analysis revealed that without 50 mM CaCl; addition both WT and Asod1
showed similar levels of median FITC of ~1000 units (Figure 21 E). However, upon addition
of 50 mM CaCl; 1h prior to measurement, the median FITC value of WT was significantly
higher at ~20,000 units than that of Asod1 at ~3,800 units (Figure. 21 E). This suggests that
calcineurin activity in response to calcium is reduced in cells lacking SOD1. Upon addition of
50 mM CaCl;1 h prior to measurement, the median FITC value of Ator1, Aakrl, Ayckl,
Ayck2, and Aynol cells were significantly higher than their untreated cultures: Ator1 CaCl
~6500, Aakr1 CaCl ~7500, Ayck1 CaCl ~20,000, Ayck2 CaCl ~20,000, Ayno1 CaCl ~10,000
units, and Ayvcl CaCl ~ 16,000 units (Figure 21 E). There was no significant increase in the
median FITC value upon calcium addition in Aypk1, Aypk2, and Aego3 (Fig. 21 E).

The fold change increase in calcineurin activity in response to 50 mM CacCl, treatment was
22.6 for WT and ~3.6 for Asod1 (Figure 21 E). The fold change increase in calcineurin activity
in response to 50 mM CaCl; treatment for Ator1, Aakrl, Ayckl, Ayck2, Aypkl, Aypk2, Aego3,
Aynol included: Atorl (8.4), Aakrl (8.3), Ayck1 (23.1), Ayck2 (22.9), Aypk1 (0.9), Aego3 (0.9),
Aypk2 (1.06), Aynol (6.6), and Ayvcl (15.8) (Figure 21 E). These data demonstrate that

impairment of process required for Sod1 activity (ynol NADPH activity) or downstream
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activity (Yck1/2 or akrl; Ego complex/Tor signalling) can lead to a loss of Cn signalling. These
findings raise the possibility that Sod1 mutations may result in a range of signalling defects
that feed in calcium signalling. This complexity will require further investigation within the

context of Sod 1 mutations linked to ALS.
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Figure 21 Patential synthetic interactions between Calcineurin and key regulatory proteins.
A-D) Flow cytometry of a transcriptional reporter for calcineurin activity of WT cells before and after 50 mM
CaCl, treatment. Panels display the method of gating the cells for analysis of FITC fluorescence intensity by
flow cytometry. A) has side-scatter height (SSC-H) on the y axis and forward-scatter height (FSC-H) on the x
axis. Cells are in the upper right corner in the upper right quadrant. B) shows FSC-H on the y axis and forward-
scatter area on the x axis (FSC-A). This plat allows to select ‘singlet’ cells, rather than "doublets” or clumps of
cells. C) shows the count of cells on the y axis and the FITC-A reading of the gated singlet” cells from the
middle plat. D) Displays an overlay plot of the FITC-A value of WT cells treated with Ca®* (red) for 1 h prior to
measurement or not (blue).
E) fold change in colcineurin activity after CaCl; + treatment in WT, Asod1, Atorl, Aego3, Aakrl, Ayckl, Ayck?2,
Aynol, Aypkl, Aypk2 cells.
The data shows the average of three biological repeats; each consists of three technical repeats. The error
bars represent the standard deviation. A One-way ANOVA using a Tukey comparison test was used to
determine statistical significance. Non-significant = NS, * = adjusted p-value < 0.05, ** = adjusted p-value =
0.01, **** = adjusted p-value = 0.001.
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4.3.12 Sod1**-induced Crz1 mislocalisation under calcium stress

The transcription factor Crz1 plays a crucial role in regulating the response to calcium
signalling and stress adaptation within the cell. In actively budding cells, normal cytosolic
calcium concentrations are held within 50-200 nM (Cui, Kaandorp, Sloot, et al., 2009). When
intracellular calcium concentrations rise, calmodulin — a calcium sensor protein- will bind to
and activate the protein phosphatase Cn, which in turn will dephosphorylate Crz1
(Stathopoulos and Cyert, 1997). Crz1 will translocate from the cytosol to the nucleus binding
to the calcineurin-dependent response element CDRE ultimately activating about 160 genes
of e.g. calcium transporters involved in stress adaptation (Stathopoulos-Gerontides, Guo

and Cyert, 1999; Yoshimoto et al., 2002).

To see whether the lack of Cn response was due to Crz1 mislocalisation influenced by
mutated Sod14V, GFP-tagged Crz1 widefield microscopy was conducted. The pAG306 EV or
pAG306 Sod12%" were integrated into a strain in which GFP had been fused to the genomic
copy of Crz1. Cells were then grown to log phase in YPD medium following a 4 h incubation
with 100 mM CacCly, and/or 100 uM FK506 Cn inhibitor. We observed that under no stress
conditions stationary cells expressing the empty vector (EV) showed a split population in
Crz1 localisation. Here, Crz1 GFP signal could be detected in the cytoplasm and the nucleus
(Figure 22 A, B). Upon 100 mM CaCl; addition Crz1 localised into the nucleus and the
mitochondria/ER or cytoplasmic foci. When Cn was inhibited most GFP signal was detected
in the mitochondria/ER or cytoplasmic foci and only within the nucleus in a minority of cells
(Figure 22 A, B). Under both, calcium addition and Cn inhibition, in wild type cells Crz1 was

localised in the mitochondria/ER or foci with only few in the nucleus (Figure 22 A, B).
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On the other hand, stationary cells expressing Sod1*4V without additional stress showed
mostly a cytoplasmic/diffused Crz1 GFP signal (Figure 22 A, B). A third of the population of
cells showed mitochondrial/foci Crz1 GFP localisation and only a very small population
showed nuclear Crz1 GFP localisation had been observed in wild type cells (Figure 22 A, B).
Under calcium stress, the majority of the Crz1 GFP signal could be detected either as a
cytoplasmic/diffused signal or in the mitochondria/foci (Figure 22 A, B). A few cells showed
nuclear Crz1 GFP localisation (Figure 22 A, B). When Cn was inhibited via 100 uM FK506 a
split population could be detected whereby almost all cells showed a mitochondrial/foci
Crz1 GFP localisation (Figure 22 A, B). When 100 mM CacCl; was added in combination with
the Cn inhibitor FK506, all cells showed mitochondrial/foci Crz1 GFP localisation (Figure 22

A, B).
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Figure 22 Sod1 and Sod1*V regulation of calcium response via Crz1 regulation.

A) Fluorescence microscopy images of active Crz1 in Crz1 GFP strains expressing an empty vector (EV)
control or Sod1*4Y under standard conditions, 100 mM CaCl,, and or 100 uM FK506 conditions during
stationary phase. Crz1 was GFP tagged and FK506 is a calcineurin inhibitor. Stresses were added during
log phase of growth following further incubation for 4 h. Fluorescence signal displays the presence of
active Crz1 within the cells (GFP localisation). Cells were cultured in YPD growth media. This experiment
was repeated three times, and a representative data set is shown. The scale bar is 10 um.

B) Distribution of active Crz1 in Crz1 GFP strains expressing an empty vector (EV) control or SOD14V
under standard conditions, 100 mM CaCl;, and or 100 uM FK506 conditions during stationary phase 100
cells for each strain were counted of samples taken on three separate days with a total 300 cells being
counted. The number of cells represent the phenotypes seen and are represented and calculated as a
percentage of the total number of cells counted. The error bars represent the standard deviation.

To determine whether the loss of CRZ1 led to changes in intracellular calcium regulation, we
performed an aequorin assay. To quantify intracellular calcium responses under different
conditions (e.g. no substrate, 5 uM substrate, 100 mM CacCl,), calcium curves were

generated.
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In the Acrz1 EV strain, the no substrate baseline appeared to be lower than the 5 uM
coelenterazine (substrate) control. The basal intracellular calcium levels kept slightly
increasing throughout the assay (Figure 23 A). The addition of 100 mM CacCl; triggered a
rapid increase in intracellular calcium accumulation with levels peaking shortly after stress

treatment and gradually returning after about 1 h (Figure 23 A).

In the Acrz1 Sod1A% strain, the no substrate baseline appeared to be lower than the 5 uM
coelenterazine (substrate) control. Basal intracellular calcium levels showed a slight upward
trend throughout the assay under non-stressed conditions (Figure 23 B). Upon the addition
of 100 mM CaCl,, a rapid increase in intracellular calcium accumulation was observed, which
returned to near-substrate levels after 1.2 h. However, calcium levels subsequently began to
rise again, displaying a continuous upward trend for the remainder of the assay (Figure 23

B).

Comparing Acrz1 EV and Acrz1 Sod17% cells, it appeared that there were no significant
differences between basal levels, but higher intracellular calcium levels seemed to appear
after 100 mM CaCl; addition. When comparing WT EV with Acrz1 EV, no visual differences in
basal intracellular calcium levels could be revealed. Visually, the calcium response following
calcium stress appeared to last longer in WT EV cells. However, the intracellular calcium
accumulation appeared higher in Acrz1 EV (Figures 19 A, 23 A). Lastly, comparison of WT
Sod1**V and Acrz1 Sod12%V seemed to show higher intracellular calcium levels under basal

conditions and following calcium addition in Sod14V-expressing Acrz1 cells.
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Given that the expression of Sod1*%V had clear effects on calcium regulation in not only WT
cells but also in calcium transporters, cell cycle and calcineurin (Cn) regulators, we tested
whether the expression of Sod1*4V affects Cn function and intracellular calcium levels
focusing on the Cn subunit Cnb1. We also sought to investigate whether the expression of
Sod17% affects Cn function through loss of Crz1 control leading to poor calcium stress
response and viability reduction. Therefore, we conducted CFU assays, ROS accumulation

and necrosis assays using flow cytometry, and intracellular calcium assays.

Regarding cell viability or colony forming efficiency (CFU), cells were exposed to 100 mM
CaCl; for 4 h prior to another 4 h NaB incubation at either 1 mM or 100 mM concentration.
Under no stress conditions (YPD media only), no significant changes in CFUs could be
observed between WT EV, WT Sod”%", Acnb1 EV, and Acnb1 Sod1*%V. All strains had a CFU of
about 100 % (Figure 24 A). Compared to YPD, after the 4 h 100 mM CaCl; incubation,

significantly reduced CFUs could be observed in the WT Sod1*%V (~ 14 %) and Acnb1 Sod1A%Y
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(~ 26 %) compared to the WT EV control (~ 4 %). Exposure to 100 mM CacCl; did not lead to a
reduction in CFUs in Acnb1 EV (~ 102 %) compared to the WT EV control (Figure 24 A).
Comparing Acnb1 EV with Acnb1 Sod1*%V a significant reduction in CFU (~ 26 %) could be

observed in Sod1**V-expressing Acnb1 cells (Figure 24 A).

Compared to YPD, 4 h exposure to 1 mM NaB after the 4 h 100 mM CaCl; incubation
resulted in a significant reduction of CFUs in WT EV (~ 35 %), WT Sod1 (~ 55 %), WT Sod1/4V
(~53 %), Acnb1 EV (~ 68 %) and Acnb1 Sod1**V (~ 56 %). The decrease in CFUs in WT Sod1,
WT Sod12%V, Acnb1 EV, and Acnb1 Sod1”%V differed significantly from the CFUs in WT EV
(Figure 24 A). Interestingly, the reduction in CFU was more pronounced in Acnb1 EV (~ 68 %)

cells than in Acnb1 Sod1**V (~ 56 %) cells (Figure 24 A).

A 4 h 100 mM NaB treatment resulted in even further CFU reduction compared to YPD: WT
EV (~ 87 %), WT Sod1 (~ 88 %), WT Sod1*%V (~ 88 %), Acnb1 EV (~ 83 %) and Acnb1 Sod1A%Y
(~ 87 %) (Figure 24 A). However, these reduction in CFUs were not significant compared to
the WT EV within this condition. There was no significant difference in CFU between Acnb1

EV (~ 83 %) and Acnb1 Sod1”%V (~ 87 %) (Figure 24 A).

To see whether the reduction in CFUs in Acnb1 EV and Acnb1 Sod1*%V was a result of ROS
accumulation or necrosis due to 100 mM CaCl, treatment, we conducted flow cytometry
measuring ROS and necrosis. There was a significant difference in median FITC values in the
positive ROS and Pl (necrosis) controls compared to the WT (Figure 24 B). However, analysis
of WT EV, Acnb1 EV, and Acnb1 Sod1**V under 100 mM CaCl; stress or standard YPD

conditions revealed no significant changed in median FITC values i.e. necrosis or ROS
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accumulation (Figure 24 B) suggesting the reduction of CFUs previously seen (Figure 24 A) in
Acnb1 EV, and Acnb1 Sod1**Y under 100 mM CacCl; stress were not caused by ROS or

necrosis.

We therefore hypothesised that reduction in CFU might be due to calcium dysregulation

when CNB1 is lost. We therefore performed an aequorin assay as described in Figure 18.

In the Acnb1 EV strain, consistently low basal calcium levels throughout the assay could be
observed, which were not significantly higher (p-value: 0.0630) to the no substrate control
(Figure 24 C). Following 100 mM CaCl; addition, visual inspection of the luminescence profile
revealed a slight rise in intracellular calcium accumulation which returned to basal levels
after about 1 h (Figure 24 C). However, AUC analysis revealed no significant difference (p-
value: 0.3293) in increased intracellular calcium accumulation between basal and calcium

stress-induced calcium levels.

In the Acnb1 Sod1”4Vstrain, significantly elevated (p-value: <0.0001) basal calcium levels
could be observed compared to the no substrate control. This gradual increase in
intracellular calcium levels appeared to be linear over time, suggesting a steady
accumulation of intracellular calcium throughout the assay in the absence of additional
stress (Figure 24 C). Following 100 mM CaCl; addition, visual inspection of the luminescence
profile revealed a slight increase in intracellular calcium accumulation which returned to
basal levels after about 1 h (Figure 24 C). However, AUC analysis revealed no significant
difference in increased intracellular calcium accumulation between basal and calcium stress-
induced calcium levels. Comparing Acnb1 EV and Acnb1 Sod174V strains, AUC analysis

revealed significantly higher (p-value: <0.0001) basal calcium levels in Acnb1 Sod1A4,

244



Furthermore, AUC analysis revealed significantly intracellular calcium accumulation after
100 mM CaCly addition in Acnb1 Sod12%V, Visual comparison of the luminescent profiles

between Acnb1 EV and Acnb1 Sod1”%4V strains confirmed this (Figure 24 C).

When comparing WT EV with Acnb1 EV, AUC analysis revealed no significant differences

between these strains under basal and stress conditions. However, visual comparison

seemed to show a more pronounced calcium accumulation in WT EV cells (Figures 19 A, 24

C). Lastly, comparison of WT Sod12%" and Acnb1 Sod1*%V showed significantly higher basal

(p-value: <0.0001) and calcium-induced (p-value: <0.0001) intracellular calcium levels in

Acnb1 Sod1”%V, Visual comparison could confirm this (Figures 19 B, 24 C).
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Figure 24 Effect of Sod1*4V on Cn function and calcium homeostasis.

A) CFU analysis of WT EV, WT Sod1%?Y, Acnb1, and Acnb1 Sod1**V after 100 mM CaCl, exposure prior 4 h of
either 1 mM or 100 mM NaB treatment. The data sets represent an average of three biological repeats.
The error bars display the standard deviation. A One-Way ANOVA using a Tukey multiple comparison test
was used to determine statistical significance, p < 0.05.

B) Median FITC values and H2DCFDA and PerCP-A graphs of WT, Acnb1, and Acnb1 Sod14%Y with or without
100 mM CaCl, stress. The data sets represent an average of three biological repeats. The error bars
display the standard deviation. A One-Way ANOVA using a Tukey multiple comparison test was used to
determine statistical significance, p < 0.05.

C) Aequorin luminescence curve at 469 nm measuring intracellular calcium levels in Acnb1 expressing
either EV or Sod1%%V, A Two-Way ANOVA with post hoc tests: Tukey (within-strain comparisons); Sidak (WT
vs. A) was used to determine statistical significance, p < 0.05 of AUCs.
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Taken together, these results indicate that expression of Sod144V affects Crz1 localisation
and intracellular calcium regulation under calcium stress. In WT cells, calcium exposure
resulted in increased nuclear localisation of Crz1, whereas Sod1*4V-expressing cells showed
predominantly cytoplasmic or mitochondrial/foci localisation, with only a small proportion
of cells displaying nuclear Crz1. This altered localisation was accompanied by changes in
intracellular calcium regulation, particularly in the Acrz1 and Acnb1 backgrounds, where
Sod1**Vexpression was associated with increased basal calcium levels and altered calcium
accumulation following CaCl, exposure. Loss of CNB1 was also associated with reduced CFU
following calcium stress in the presence of Sod1*4Y, although this reduction was not
accompanied by increased ROS accumulation or necrosis. These findings suggest that
Sod1”%expression interferes with calcium-responsive signalling involving the calcineurin-
Crz1 pathway and that disruption of this pathway is associated with altered calcium
homeostasis and reduced survival under calcium stress. However, the data do not establish
whether the altered Crz1 localisation is a direct consequence of Sod1**Vexpression or is

secondary to the changes in intracellular calcium regulation.

4.4 Discussion

4.4.1 Introduction

Previous work suggested that overexpression of ALS-linked mutations in the yeast SOD1
gene such as A4V, G37R, H48Q, G93A and S134N, which correspond to human mutations
led to unstable and enzymatically inactive Sod1 proteins. It was reported that a loss of
viability and acidification of the vacuole as well as defects in amino acid regulation

(activation of the amino acid starvation response via Gené4), and in autophagy were
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identified when mutant Sod1 was expressed in S. cerevisiae cells. Rather than undergoing
cell death a senescence-like state as well as the accumulation of trehalose could be
observed in mutant cells. These phenotypes mark metabolic and autophagic dysfunction as

key elements of SOD1 toxicity (Bastow et al., 2016).

The loss in vacuole acidification suggested a defect in the activity of the vATPase that
underpinned loss of regulation of vacuole function and to the phenotypes mentioned
above. However, these data were obtained from a high overexpression system (Bastow et
al., 2016) and to test this more carefully a single copy integration model was constructed
(Doyle, 2022). Work by (Doyle, 2022) suggested that there may be an interaction with parts
of the vATPase complex. However, our FLIM/FRET results showed that there was not direct
interaction between wild type or mutant Sod1 and VMAZ2. This finding is supported by
results within Dr Kevin Doyles thesis in which an interaction between Vma2 and Sod1 could
not be observed by immunoprecipitation. This may suggest that the mutations do affect the

localisation or proximity of Sod1 to the vATPase (Doyle, 2022).

It was also found that the expression of Sod1 mutants from single copy system did not lead
to growth defects or loss of vacuole acidification, suggesting that the level of protein leads

to variable effects on cell function (Bastow et al., 2016; Doyle, 2022).

However, relative expression levels of wild-type Sod1 and Sod12% were not directly
assessed in this study. Therefore, phenotypic effects cannot be attributed solely to the A4V

mutation, as differences in Sod1 expression could contribute to the observed effects.

A further limitation is the absence of an additional-copy Sod1WT control. Consequently,

some phenotypes may reflect increased Sod1 dosage rather than mutation-specific effects.
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Including an additional-copy Sod1WT control in future experiments would help distinguish

these effects.

To determine more subtle genetic interactions within this model a vacuole deletion library
created by Dr Kevin Doyle was generated (Doyle, 2022) and was expanded in this study with
the intention that it may reveal which vacuole functions were vulnerable to the effects of
lower Sod124V expression when placed under additional stresses. We tested stresses like
calcium, zinc, and FK506 (calcineurin inhibitor) as work by Dr Kevin Doyle had shown that
loss of Sod1 generally sensitised cells to these stresses (Doyle, 2022), and the stresses have
been implicated in ALS and are also linked to vacuole/lysosome function (Weiss, Sensi and
Koh, 2000; Frederickson, Koh and Bush, 2005; Grosskreutz, Van Den Bosch and Keller, 2010;

Hozumi et al., 2011; Szewczyk, 2013; Sirabella et al., 2018).

4.4.2 Vacuolar Function and Trafficking
Across all tested conditions, expression of the Sod1A4Y mutant revealed consistent synthetic
interactions with genes involved in vacuolar trafficking, autophagy, and iron and calcium

homeostasis, highlighting the centrality of vacuolar function in managing proteotoxic stress.

Malfunctions in vacuolar and endolysosomal trafficking has been increasingly recognised in
ALS and other neurodegenerative diseases (Burk and Pasterkamp, 2019; Herman et al.,
2024). In ALS, particularly misfolded SOD1 has been shown to form aggregates in the
neuronal tissue and accumulate in the endoplasmic reticulum (ER) and Golgi, which may

interfere with vesicular transport and enhance ER stress (Urushitani et al., 2008; Burk and
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Pasterkamp, 2019; Berdyniski et al., 2022). A recent crucial genetic finding in ALS is an
intronic GGGGCC repeat expansion mutation in chromosome 9 open reading frame 72
(C90RF72) (Vance et al., 2006; Delesus-Hernandez et al., 2011; Renton et al., 2011). It was
found that C9ORF72 is crucial for normal vesicle trafficking and lysosomal biogenesis in
motor neurons and interaction with endosomes. Furthermore, C90RF72 repeat expansion
led to impaired clearance of neurotoxic dipeptide repeat proteins derived from the repeat
expansion. The study also showed that C9ORF72 mutations led to aggregation and slower
translocation of transmembrane receptors such as the Mannose-6-phosphate receptors
(M6PRs) which have roles in targeting lysosomal enzymes to lysosomes for proper lysosomal
degradation (Shi et al., 2018; Burk and Pasterkamp, 2019). Another study demonstrated
that M6PRs mislocalised to the cytosol in the presence of C9ORF72 mutations (Aoki et al.,
2017). Mutations in SOD1 affect trafficking at the Golgi as well: It was found that ALS-
associated mutations such as SOD1%4Y, SOD1%%°R and SOD1%%*A could cause defects in
protein secretion and cause ER stress resulting in inclusions and apoptosis, esp. when
SOD1*%Vwas present. This effect could be rescued by the overexpression of COPII vesicles
(Atkin et al., 2014). Another study found that SOD1 mutations such as the SOD1%°34 inhibit
protein transport from the ER to the ER-Golgi intermediate ERGIC compartment (Soo et al.,
2015). It could also be confirmed that Golgi fragmentation is associated with SOD1
mutations (Gonatas, Stieber and Gonatas, 2006; van Dis et al., 2014). This aligns with our
observation that deletion of genes essential for vacuolar fusion and trafficking, e.g. VTC1,
EGO1, and VPS34, were affected by SOD1A%" expression, highlighting the importance of

efficient vesicular degradation in proteostasis in ALS.
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4.4.3 Autophagy

Autophagy, particularly macroautophagy, is a major degradative route for mutant SOD1
aggregates. Reduced autophagy degradation has been reported in ALS patient (LEIGH et al.,
1991; Arai et al., 2006; Mizuno et al., 2006; Neumann et al., 2006) and animal models
(Watanabe et al., 2001). (Bastow, Gourlay and Tuite, 2011; Bastow et al., 2016) did see a

loss of autophagy in the high expression yeast model.

Studies found that abnormal mitochondria (Atsumi, 1981; Sasaki and Iwata, 1996; Siklds et
al., 1996; Wiedemann et al., 1998; Chung and Suh, 2002; Napoli, 2011) and defective ERs
(llieva et al., 2007; Atkin et al., 2008; Ito et al., 2009; Tokuda et al., 2016) accumulate in ALS
which normally would be removed through autophagy (Johansen and Lamark, 2011). As one
of the stress adaption pathways, autophagy can be over-induced through stressors such as
damaged DNA, abnormal protein and organelle accumulation, and oxidative stress. This
over-induction may impair the actual degradation process (Fujikake, Shin and Shimizu, 2018;
Amin et al., 2020) and may even lead to apoptosis (Boya et al., 2005). To strengthen this
assumption, studies could show that suppressing autophagosome formation may be
beneficial in ALS mice (Hsueh et al., 2016; Rudnick et al., 2017; Zhou et al., 2017). Consistent
with this, our screen revealed synthetic interactions between Sod1A4V and multiple
components of the autophagy pathway, including deletions in ATG8, ATG18, VPS34, and
VTC1, all of which exacerbated Sod1*%Y toxicity. These genes are essential for
autophagosome formation and cargo recycling, highlighting the importance of intact
degradation pathways in the presence of proteotoxic stress. Autophagy is triggered by the
formation of the phagophore, a cup-shaped membrane assembled at the phagophore

assembly site (PAS), which can be located at sites such as the ER, Golgi, or plasma
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membrane. ATG proteins are recruited to the PAS and organize into five functional
complexes, crucial for initiating this process (Glick, Barth and Macleod, 2010; Dikic and

Elazar, 2018).

A central player is the class lll PI3K complex, which includes VPS34, Beclin-1, ATG14, and
p115. VPS34 converts Pl into PI(3)P, promoting vesicle nucleation. This complex is regulated
by SOD1. Mutant SOD1 can interfere with Beclin-1, destabilise the Beclin-1-Bcl-xL complex

and impair autophagy initiation (Lee et al., 2015; Stjepanovic et al., 2017).

In our study, deletion of ATH1, encoding an acid trehalase, showed improved growth,
suggesting a protective role for intracellular trehalose accumulation in opposing proteotoxic
stress. Indeed, ALS mice studies have shown that trehalose - which is a MTOR-independent
autophagic inducer- had a protective role in protein aggregation as it could stabilise proteins
and promote autophagy (X. Zhang et al., 2014). Recently, trehalose was trialled in
individuals with ALS, but did not show any statistical benefits in ALS disease progression

prevention (Macklin et al., 2025).

4.4.4 Metabolic Signalling and Stress Response

Nutrient sensing pathways also emerged as a point of vulnerability in our results. Deletions
of EGO complex components (EGO1, EGO3, GTR1) and vacuolar amino acid exporter (VBA5)
sensitized Sod1°4V-expressing cells to stresses, suggesting a broader impact on TORC1-
mediated signalling. This pathway regulates growth and autophagy in response to amino
acid availability (Noda, 2017) and has been implicated in ALS pathogenesis via mTOR
hyperactivity and impaired cellular clearance (Zhang et al., 2011; Ching and Weihl, 2013;

Saxena et al., 2013; Gomes et al., 2023; Nogueira-Machado, Rocha-Silva and Gomes, 2025).
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Our data also suggest the involvement of the trehalose pathway in protein stabilisation: We
showed that loss of TPS1 and TPS3 led to decreased growth in Sod1#%V strains under stress.
Interestingly, the trehalose biosynthetic pathway, although absent in humans, has been
shown to influence proteostasis and suppress aggregation in several neurodegeneration

models (Mari et al., 2020).

Moreover, loss of RAS2 significantly sensitised Sod12%V-expresssing yeast cells to stresses,
supporting a protective role for Ras-cAMP-PKA signalling. In yeast, RAS2 controls cell cycle
entry and modulates stress responses via cAMP and PKA (Tamanoi, 2011), whilst in
mammalian cells cell stress response and other crucial cellular processes, such as cell
proliferation, are controlled by Ras-MAPK signalling (ZHANG and LIU, 2002). It has been
reported that Ras-MAPK signalling is altered in ALS (Kim and Choi, 2010; Ayala et al., 2011;
Sahana and Zhang, 2021) and linked to ROS regulation in both yeast and mammalian cells
(Leadsham et al., 2009; Hu et al., 2012; Amigoni, Martegani and Colombo, 2013). This
suggests that Sod174V toxicity may be increased when cells are unable to induce a Ras-
dependent metabolic response. Supporting this, we observed that 1 mM sodium butyrate

— a known HDAC inhibitor — was able to rescue Sod1**V-expressing Aras2 and Ayvc1 strains
under calcium stress. This finding aligns with previous reports that butyrate can influence
metabolism and elevate cAMP levels in fungi, effectively mimicking Ras—PKA activity (Zutz et
al., 2017) in cells lacking RAS2. These results strengthen the view of a potential link between

HDAC regulation, Ras signalling, and calcium homeostasis in the context of ALS.

Under calcium stress, additional synthetic interactions were observed suggesting an
interplay between ion signalling, metal homeostasis, and proteostasis: loss of RAS2, a key

GTPase in the Ras-cAMP-PKA pathway elevated Sod1*%Y toxicity implying an important role

253



in the calcium-induced stress response. Similarly, deletion of the vacuolar calcium release
channel Yvcl led to reduced growth implicating that vacuolar calcium efflux is crucial for
stress resistance. Similarly, NHX1 deletion which encodes a vacuolar Na*/H* exchanger, also
showed reduced growth, strengthening the importance of vacuolar ion balance in stress
resistance. In contrast, deletion of ath1 resulted in increased growth suggesting that
trehalose metabolism may be protective under calcium stress. Most likely, trehalose
reduces aggregation or stimulates autophagy to clear unstable Sod1, and so the cells retain
the stress response. Notably, deletion of ccc1, a vacuolar iron/manganese transporter, also
showed growth advantage. Finally, deletions of vps34 showed increased Sod1*%V fitness
under calcium stress, potentially reflecting a protective remodelling of vesicle trafficking or

autophagic flux that improves viability during calcium and proteotoxic stress.

Inhibition of calcineurin using FK506 revealed an extensive range of synthetic interactions.
Multiple genes implicated in calcineurin signalling, TORC1 regulation, and autophagy were
required for growth in the Sod1**V background. Deletions of vcx1 (vacuolar Ca%*/H*
exchanger), yvcl, and ras2 all led to increased sensitivity. Several TORC1 regulators (EGO1,
EGO3, GTR1) were also negatively affected by Sod1*%¥ toxicity, highlighting the importance
of nutrient sensing in proteostasis when calcineurin is inactive. The retrograde (RTG)
pathway was also negatively affected (Artg3), which links mitochondrial function to nuclear
gene expression suggesting a compensatory role of mitochondrial-nuclear communication
in stress adaptation. Trehalose biosynthesis (Atps1, Atps3) and metal homeostasis (Azrcl,
Accc2, Afet5) were also affected by Sod1*4V in the presence of FK506, which may contribute
to oxidative stress. Furthermore, multiple genes related to plasma membrane function and
ion homeostasis (kinases Yck2, Ptk2) and autophagy and vesicle trafficking (ATG1, VPS15,

VTC1, VTC3, VBA3, VBA5) emerged being negatively affected by Sod1A4V.
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Zinc exposure elicited a global reduction in AUC values across the vacuole KO library,
suggesting it imposes a significant stress burden on yeast cells. In this stringent
environment, only one vacuolar gene deletion showed a growth advantage: ATH1. This
consistent phenotype across all tested conditions suggests a general role for intracellular
trehalose accumulation in promoting Sod14V-associated stress tolerance, maybe by
stabilizing misfolded proteins under heavy metal stress. The absence of other differential
hits may be because zinc toxicity overwhelms many compensatory pathways regardless of

Sod1*%Y expression and more hits may have been revealed at a lower zinc concentration.

4.4.5 lonic homeostasis and Calcineurin Signalling

Lastly, our results demonstrated synthetic interaction between Sod1*4V and calcium
homeostasis: Loss of YVC1 and VCX1, which regulate calcium flux across the vacuolar
membrane (Cui, Kaandorp, Ositelu, et al., 2009), led to increased growth deficits in Sod144V-
expressing yeast cells. Calcium dysregulation is another causative factor of ALS. A prominent
feature of motor neurons compared to other cells is their vulnerability to calcium overload
as calcium permeable AMPA receptors are highly expressed (Williams et al., 1997; Shaw and
Eggett, 2000; Van Den Bosch et al., 2000; Guatteo et al., 2007), while the endogenous
expression of calcium buffering proteins (CaBPs), like parvalbumin and calbindin, is low
(Alexianu et al., 1994; Palecek, Lips and Keller, 1999; Jaiswal, 2013), even though EF-hand
calcium binding proteins are present in motor neurons (Migheli et al., 1999; M.-D. Zhang et
al., 2014). Several studies could detect intracellular calcium overload and a further decrease

in calretinin and parvalbumin in motor neuron axons in ALS patients (Siklds et al., 1996,
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1998; Kruman et al., 1999; Grosskreutz, Van Den Bosch and Keller, 2010; Kawamata and
Manfredi, 2010; Hayashi, Amari and Okamoto, 2013). Another pathological pathway in ALS
causing calcium overload is that mutated SOD1 was found to accumulate in the
mitochondrial intermembrane space, which impairs normal mitochondrial function. This is
interesting as mitochondria are supposedly crucial in buffering calcium in motor neurons
(Jaarsma et al., 2001; Liu et al., 2004; Jaiswal and Keller, 2009; Lautenschlager et al., 2013).

Thus, SOD1 mutations can lead to disturbances in calcium homeostasis.

In this context, it was also shown that calcium can bind to immature SOD1 increasing its
accumulation (Leal et al., 2013; Estacio et al., 2015). In agreement, overexpression of CaBPs
and AMPA channel antagonists could decrease calcium overload, neurodegeneration, and
abnormal SOD1 accumulation in ALS1 models (Van Damme et al., 2003; Tateno et al., 2004;

Tortarolo et al., 2006; Yin, Tang and Weiss, 2007; Beers et al., 2008; Parone et al., 2013).

Another key player in ALS is the protein phosphatase 2B calcineurin (Cn). The activity of Cn
is calcium dependent and regulated by calmodulin. Being highly expressed in the CNS and
playing a major part in many pathways involving modulation of immune responses and
signal transduction in the nervous system through regulating neuronal excitability, the
release of neurotransmitters and hormones, gene transcription and calcium-dependent
apoptosis, Cn activity is thought to be pivotal in motor neuron diseases (Morioka et al.,
1999; Wang et al., 1999; Rusnak and Mertz, 2000). Previous studies using human
neuroblastoma cells expressing fALS-SOD1 and mouse models expressing fALS SOD1 showed
that the phosphatase activity of Cn is repressed when mutant antioxidant SOD1 is present
(Ferri et al., 2002), thus supporting evidence that Cn is redox regulated. This is further

supported by showing that wild type SOD1 functions as a protective element for Cn (Wang,
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Culotta and Klee, 1996), and fALS-SOD1 can directly deactivate Cn (Ferri et al., 2008). The
target of such oxidation of Cn is supposedly the iron atom at its active site (Namgaladze,
Hofer and Ullrich, 2002). Decreased Cn activity was directly found in ALS patients: a study
reported significantly decreased Cn activity in lymphocytes in 37 sporadic and eight fALS
patients with an increase in protein oxidation which was not found in the control subjects

(Ferri et al., 2004).

Sod1 is primarily known for its protective defence mechanism against antioxidants as it
catalyses superoxide into peroxide and oxygen (McCord and Fridovich, 1969). As both
proteins are zinc-containing metalloproteins (Rusnak and Mertz, 2000; Mera-Adasme et al.,
2016; Sirangelo and lannuzzi, 2017), increased labile zinc accumulation causing motor
neuron toxicity may be caused by aberrant SOD1-Cn interaction when SOD1 mutations are
present (Tiwari and Hayward, 2005; Kim et al., 2009). In mammalian neurons, direct
physical interaction between SOD1 and Cn appears to be necessary for optimal Cn
activation, and this relationship is disrupted by ALS-linked SOD1 mutations (Agbas et al.,
2007; Kim et al., 2019). Our current study builds on previous work showing that S.
cerevisiae cells lacking SOD1 or overexpressing SOD1 mutants (A4V, G37R) (but not cell
overexpressing wild type SOD1), display impaired Cn signalling in response to calcium stress.
A drop in Cn activity was also seen when fragments of Sod1 were expressed, supporting the
hypothesis that unstable or misfolded Sod1 disrupts Cn signalling (Doyle, 2022). Our results
identified a set of deletions that significantly attenuated Cn activity under calcium stress:
TOR1, AKR1, YPK1, YPK2, EGO3, YNO1, and YVC1. These genes are involved in several
pathways, including nutrient sensing (TORC1), lipid metabolism and membrane composition

(AKR1, YPK1/2), redox regulation (YNO1), and vacuolar calcium release (YVC1).
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In yeast, Cn activation is largely triggered by cytosolic calcium influx (Billingsley et al., 1990;
Cyert et al., 1991), with Yvcl acting as a vacuolar calcium release channel (Palmer et al.,
2001; Denis and Cyert, 2002). The observed dependence on YVC1 supports the critical role

of internal calcium stores in modulating Cn response.

YNO1 encodes the NADPH oxidase in yeast and together with the mitochondrial respiration
act as the main superoxide sources (Rinnerthaler et al., 2012). Interestingly, studies have
shown that in absence of YNO1, increased vacuole fragmentation occurs. Ynolp is also
responsible for a burst of reactive oxygen species, which when exceeding the antioxidant
capacity of the cell harmful events occur (Weber et al., 2021). This could affect calcium
channel regulation or Cn function through redox-sensitive modifications. Although
mammalian cells contain a more complex NADPH oxidase system, increased ROS production
and oxidative stress are hallmarks of ALS pathology (Shaw et al., 1995; Ferrante et al., 1997;
Ilhara et al., 2005; Tam et al., 2019), and Cn itself is susceptible to redox regulation (Ferri et

al., 2002).

The TOR1 and EGO3 deletions implicate the TORC1 signalling pathway as a key regulator of
calcineurin (Cn) activity. TORC1 integrates amino acid availability and cellular energy status
to control growth and autophagy (Loewith and Hall, 2011; Gonzélez and Hall, 2017). In
yeast, the EGO complex is essential for TORC1 activation in response to amino acids and
vacuolar cues, linking nutrient sensing directly to autophagic control (Binda et al., 2009).
TOR may negatively control autophagy through TORC1. A study has shown that TOR may
also operate independently to promote autophagy via TORC2 in response to amino acid
starvation. This is mediated via the downstream target protein of TORC2, Ypk1. TORC2/Ypk1

may negatively regulate Cn in order to activate the amino acid-sensing elF2a kinase, Gen2,
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and to promote autophagy (Vlahakis et al., 2014). Studies using the mTORC1-dependent
activator of autophagy, rapamycin, found that motor-neuron loss was increased and the
survival of Sod1%%3* mice was reduced. On the other hand, survival in immunodeficient ALS

mouse models was increased (Zhang et al., 2011; Staats et al., 2013).

To further understand the mechanism underlying the impaired Cn response observed in
cells expressing Sod1%V, we investigated the subcellular localization of the Cn-responsive
transcription factor Crz1 using a GFP-tagged Crz1 fusion protein. We found that under basal
conditions, Crz1-GFP in wild-type cells showed a signal distribution between the cytoplasm
and the nucleus, consistent with low basal Cn activity during stationary phase. Upon
exposure to 100 mM CaCl,, Crz1 became predominantly nuclear or concentrated in
mitochondrial/ER-like structures and cytoplasmic foci, suggesting active Cn signalling
coupled with stress adaptation mechanisms. Inhibition of Cn using FK506 abrogated this
nuclear translocation, with Crz1 accumulating in the cytoplasm or organelle-associated foci,
confirming the dependence of nuclear import on Cn activity. The transcription factor Crz1
plays a crucial role in regulating the response to calcium signalling and stress adaptation
within the cell. In actively budding cells normal cytosolic calcium concentrations are held
within 50-200 nM (Cui, Kaandorp, Sloot, et al., 2009). When intracellular calcium
concentrations rise, calmodulin — a calcium sensor protein- will bind to and activate the
protein phosphatase Cn, which in turn will dephosphorylate Crz1 (Stathopoulos and Cyert,
1997). Crz1 will translocate from the cytosol to the nucleus binding to the Cn-dependent
response element CDRE, ultimately activating about 160 genes, including e.g. calcium
transporters involved in stress adaptation (Stathopoulos-Gerontides, Guo and Cyert, 1999;

Yoshimoto et al., 2002).
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In contrast, we showed that stationary cells expressing Sod1*4V displayed a mislocalisation
of Crz1-GFP to the cytoplasm, with only a minority of cells displaying nuclear or
mitochondrial/foci signal. Upon calcium addition, Crz1 failed to efficiently translocate to the
nucleus, and instead, remained cytoplasmic or accumulated in foci, suggesting impaired
activation or trafficking. The combination of calcium and FK506 exacerbated this effect, with
all Crz1 signal mislocalised to foci or organellar regions. We further identified that upon
exposure to calcium intracellular calcium levels remained high in Sod124V expressing Acrz1
cells, whilst intracellular calcium levels in EV expressing cells went back to normal. This
mislocalisation of Crz1 is significant because its nuclear translocation is essential for
activating transcriptional programs that mediate calcium homeostasis, ion transport, and
stress resilience (Stathopoulos-Gerontides, Guo and Cyert, 1999; Yoshimoto et al., 2002).
Without this response, cells are unable to adequately adapt to calcium fluctuations, which
may contribute to cellular vulnerability under stress. In the context of ALS, where calcium
dysregulation and ER stress are prominent features, a failure to elicit effective Cn—Crz1
signalling could exacerbate neurodegenerative processes. The failure of Crz1 to enter the
nucleus in Sod12%V-expressing cells complements our earlier findings that Cn activity is
reduced in the presence of unstable SOD1 mutants (Doyle, 2022). These data suggest that
Sod1**V impairs Cn-dependent transcriptional responses by interfering with Crz1 activation
and nuclear translocation. The mislocalisation is backed up by the elevated calcium levels
we observed in Acrz1 cells expressing Sod1A% when 100 mM CaCl, was added. This may
occur through disrupted calcium homeostasis, altered redox signalling, or aberrant
interactions between misfolded SOD1 and Cn, as previously proposed in mammalian models

(Agbas et al., 2007; Kim et al., 2019).
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4.4.6 Summary

In summary, our findings using S. cerevisiae as an ALS model illuminate how a single
misfolded protein (Sod124V) can perturb multiple, highly conserved cellular systems:
vacuolar (lysosomal) function, autophagy, metabolic signalling, and Ca?* homeostasis. Each
of these systems has a counterpart in neurons that is implicated in ALS. The yeast model
thereby provides a valuable mechanistic framework. It suggests that therapies for ALS might
need to be multi-modal — for example, combining a proteostasis booster (to enhance
autophagy/lysosomal clearance and stabilize proteins) with a metabolic modulator (to
adjust TOR/Ras signalling or improve mitochondrial function) and a calcium regulator (to
prevent calcineurin impairment and excitotoxic damage). Indeed, combination trials using
interleukins to reduce inflammation and riluzole acting via sodium/calcium channel
modulation are now underway e.g. (Bensimon et al., 2025). Our work particularly highlights
the centrality of the vacuole/lysosome: virtually every pathway we identified feeds into
lysosomal health (trafficking of enzymes and receptors, autophagic flux, ion sequestration,
signalling crosstalk). This reinforces the concept of ALS as a disorder of “endosomal-
lysosomal dysfunction”, in addition to proteopathy. Yeast, with its tractable genetics,
allowed us to uncover these connections and will be a useful platform to screen for
suppressors — for instance, small molecules that rescue yeast Sod1*%V phenotypes by
enhancing vacuolar acidification or calcineurin activity could be candidates for further
testing in animal models. In conclusion, the convergence of our yeast data with known ALS
mechanisms underscores that simple eukaryotes can faithfully recapitulate complex
neurodegenerative processes, and that preserving cellular homeostasis (in the face of

misfolded protein stress) is a multi-faceted battle waged across metabolism, protein
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clearance, and ion regulation. Insights from such models will guide us toward combinatorial

therapeutic strategies to tackle ALS.
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5. Final discussion

The neurodegenerative disease ALS and other neurodegenerative diseases such as
Alzheimer’s and Parkinson’s, are more and more recognised as disorders where cellular
homeostasis is disturbed due to imbalances in proteostasis, metabolism, cell signalling, and
host-microbe interactions. These converge to drive neuronal vulnerability (Sheikh et al.,

2013; Gao et al., 2025).

In this thesis, we used a combination of model systems, C. elegans, mammalian cell lines, S.
cerevisiae, and C. albicans, to investigate how ALS-linked Sod1 mutations interfere with
crucial biological processes, and how microbial metabolites such as butyrate may influence
disease outcomes. In our S. cerevisiae model system, we were able to show that Sod14V
expression interrupts multiple conserved cell signalling pathways including
lysosomal/vacuolar function, autophagy, metabolic signalling, and calcium homeostasis.
Together with our observations in the C. elegans, human neuroblastoma cells, and C.
albicans models, our findings highlight that ALS pathology is likely linked to systemic
influences such as the gut microbiome and microbial metabolites. Overall, our data supports
the emerging picture that ALS is multifaceted and that simple model systems can play a role

in dissecting the complex processes underlying its pathology.

5.1 Consistent themes across our model systems

Across all our model systems, Sod1 proteopathy emerged as a central driver of pathology. In
C. elegans and human cells, Sod1 aggregation impaired neuromuscular function, whilst
butyrate treatment reduced aggregation and rescued neuronal phenotypes. In yeast,
Sod1*%V expression caused synthetic genetic interactions that revealed vulnerabilities in
vacuolar trafficking, autophagy, Ras/TOR signalling, and calcineurin-dependent calcium
homeostasis. In C. albicans, butyrate supressed key virulence traits, linking microbial
metabolism to host health. Despite the diversity of these systems, the vacuole/lysosome

signalling is consistently at the centre of Sod1™“tdisruption of proteostasis.

The vacuole/lysosome is not only a degradative organelle, but also a signalling hub

integrating nutrient sensing, autophagy, metal ion sequestration, and calcium dynamics.
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Almost every pathway identified in our yeast screens fed into vacuolar health, highlighting
findings in ALS studies where lysosomal trafficking, autophagy, and ER/Golgi function are
impaired (Urushitani et al., 2008; Burk and Pasterkamp, 2019; Berdynski et al., 2022;
Herman et al., 2024). Similarly, our microbiome work highlights that fungal dysbiosis and
butyrate deficiency may indirectly weaken lysosomal resilience in neurons by increasing
systemic metabolic stress. These findings reinforce the idea of ALS being a multifactorial
disease with dysfunction in endosomal-lysosomal signalling inflicted by proteopathy (LEIGH

et al., 1991; Arai et al., 2006; Mizuno et al., 2006; Neumann et al., 2006; Sheikh et al., 2013).

5.2 Link between metabolism, ion signalling and microbial
metabolites

A second key convergence is the interplay between metabolic signalling, ion homeostasis,
and butyrate. In yeast, Sod1*4V expression sensitised cells to deletions in Ras/TOR signalling
components, underscoring the importance of nutrient-sensing pathways in managing
proteotoxic stress. Loss of RAS2 was particularly detrimental, but its effects could be
rescued by butyrate, maybe through elevating cAMP levels thus mimicking Ras/PKA activity
(Tamanoi, 2011). This aligns with mammalian data showing altered Ras/MAPK signalling in
ALS (Kim and Choi, 2010; Ayala et al., 2011; Sahana and Zhang, 2021) and suggests that
metabolic homeostasis is needed to buffer misfolded protein stress.

Calcium dysregulation also emerged as a recurring theme. Yeast expression of Sod144V
showed impaired Crz1 nuclear translocation, reflecting defective calcineurin signalling. This
resonates with ALS neurons which are vulnerable to calcium overload due to low buffering
capacity and mitochondrial dysfunction (Williams et al., 1997; Shaw and Eggett, 2000; Van
Den Bosch et al., 2000; Guatteo et al., 2007). The ability of butyrate to modulate this
signalling pathway indirectly in yeast further positions it as a metabolite that links the

microbiome to calcineurin signalling homeostasis.
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6. Implications

Collectively, this work placed Sod1*4V toxicity within the broader context of ALS pathology.
Four converging themes emerge: lysosomal/endosomal dysfunction, proteopathy, calcium
stress, and microbiome contributions. Each provides a mechanistic foothold for future

therapeutic development.

Lysosomal and endosomal dysfunction has repeatedly been identified as a central defect in
ALS (Fulceri et al., 2011; Tashiro et al., 2012b). Our screens in our yeast model reinforce this
as almost every pathway identified (vesicle trafficking, autophagy, ion sequestration)
intersected with vacuolar health. In mammalian cells, these processes correspond to
lysosomal clearance, receptor trafficking, and endosomal signalling (Staudt, Puissant and
Boonen, 2016). Therapeutically, agents that restore lysosomal acidification or improve
autophagic flux are of particular interest e.g. trehalose has shown promise as an mTOR-
independent autophagy inducer (X. Zhang et al., 2014; Wang and Ren, 2016), and more
potent small molecule enhancers of lysosomal biogenesis are in development (Kuo et al.,
2015; Xue, Zhang and Li, 2023). These could be screened in yeast and C. elegans Sod1

models before moving to mammalian systems.

Proteopathy is a second major theme. Misfolded Sod1 can lead to aggregations that strain
clearance systems and sequester cellular machinery (Fujikake, Shin and Shimizu, 2018; Amin
et al., 2020). Our finding that butyrate, a natural HDAC inhibitor, reduced Sod1 aggregation
points to HDAC inhibition as viable route. Several HDAC inhibitors are already clinically
approved (Vorinostat, Panobinostat, valproic acid (VPA)) or being trialled in
neurodegeneration studies (Didonna and Opal, 2015; Markowicz-Piasecka et al., 2025).

These could be tested alone or in combination with dietary strategies that increase SCFAs,
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e.g. high-fibre diets, fermented foods or supplementation with phenylbutyrate- which is
already trialled in ALS, often in combination with taurursodiol (Paganoni et al., 2020). Yeast
models provide a platform to assess whether HDAC inhibition improves proteostasis, whilst

worms and human cell systems can test effects on aggregation and survival.

Calcium stress represents another conserved vulnerability. In yeast, defective calcineurin
signalling mirrored the calcium overload and impaired homeostasis present in ALS neurons
(Williams et al., 1997; Shaw and Eggett, 2000; Van Den Bosch et al., 2000; Guatteo et al.,
2007). Pharmacological stabilisers of calcium handling like riluzole (which is already
approved, partly acting via sodium/calcium channel modulation) (Hollingworth et al., 2024),
or more targeted agents like AMPA receptor antagonists (e.g. perampanel) (Akamatsu et al.,
2016, 2022; Patai et al., 2017) or mitochondrial calcium uniporter modulators (Di Marco et
al., 2020; Rodriguez et al., 2022) could be explored in parallel with strategies to restore
calcineurin activity. Pre-clinically, yeast provides a screen for compounds that rescue
calcineurin-Crz1 signalling, while mammalian models can investigate whether these

compounds decrease excitotoxic injury seen in ALS neurons.

Finally, microbiome contributions add a systemic dimension. ALS patients show reduced
abundance of butyrate-producing bacteria and evidence of fungal dysbiosis (Rowin et al.,
2017; Fournier et al., 2020; Niccolai et al., 2021). Our data suggest that loss of microbial
butyrate not only deprives neurons of a metabolite that can supress aggregations, but also
exacerbates vacuolar and calcineurin dysfunction. This opens two complementary
therapeutic options: dietary/microbial interventions (prebiotics, probiotics, microbiota
transfer) to restore SCFA levels (Kaul et al., 2024; Noor Eddin et al., 2024), and antifungal or

microbiome-modulating approaches to correct gut mycobiome imbalance (T. Zhang et al.,
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2025). For example, combining sodium phenylbutyrate (a systemic analogue already in ALS
trials (see above)) with targeted probiotic consortia (Hong et al., 2023) could provide a

rational and translational pipeline.

Together, these findings emphasise that ALS should not be approached as a single-pathway
disease. Instead, the future therapeutic impact likely lies in combinatorial strategies e.g.
combining an HDAC inhibitor with a calcium stabiliser and a microbiome-directed therapy.
The pre-clinical models developed here (yeast, nematodes, and human cell systems) offer a
strong discovery pipeline for such interventions, providing a platform to test multi-agent

strategies before they progress to mammalian models and ultimately to clinical trials.

267



7. Limitations

Whilst the yeast, worm, and cell-based models used here were instrumental in discovering
conserved mechanisms relevant to ALS, several limitations remain. Yeast and worms are
highly simplified compared to mammalian neurons, and controlled laboratory set-ups are
too simple to mirror the complex and diverse microbial ecosystems in patients. Effects of
butyrate on Candida virulence in vitro may not directly translate to the gut environment,
where systemic outcomes are influenced by metabolite gradients and microbial
competition. However, these models are highly genetically tractable and contain conserved
core pathways allowing for exploring mechanisms in detail that can later be validated in

more complex systems.

Looking forward, these limitations suggest some refinements. One improvement would be
the use of advanced gut model systems for instance, co-culture platforms combining key
bacterial species (e.g. lactobacillus), fungal communities, and epithelial cells expressing
Sod1**V or other ALS mutations. Such systems could replicate butyrate production and its
roles under physiologically relevant conditions e.g. acidic vs. neutral pH and allow for direct
readouts of cell responses like barrier integrity, energy metabolism and Sod1 aggregation.
Similarly, mammalian organ models or gnotobiotic mouse systems could better capture the
interplay between microbial metabolites, host signalling, and neurodegeneration. Finally,
scaling from simple to complex models (from yeast screens to gut-cell systems to

mammalian models) would provide a pipeline that improves translational relevance.
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8. Concluding remarks

This thesis supports a model of ALS as a multi-system disorder of homeostasis. Misfolded
Sod1 destabilises vacuolar/lysosomal function, autophagy, metabolic signalling, and calcium
regulation, while microbiome disturbances deprive the host of protective metabolites such
as butyrate and allows expansion of opportunistic fungi. Our findings highlight that
preserving neuronal health in ALS requires a coordinated, multi-layered therapeutic
approach. Insights from simple eukaryotes and microbial models are invaluable in guiding
the design of combinatorial strategies that address both the neuronal and systemic
dimensions of ALS pathology. The yeast model offers a powerful mechanistic framework
and a platform for screening compounds that enhance vacuolar acidification or calcineurin
activity, while the C. elegans and human cell systems validate butyrate as a modulator of
protein aggregation, metabolism, and fungal virulence. Collectively, these results show that
preserving cellular and microbial homeostasis in the face of misfolded protein stress is a
multi-faceted challenge spanning metabolism, protein clearance, ion regulation, and host—
microbe interactions. This integrative perspective points toward combinatorial therapeutic
strategies that target both neuronal pathways and gut microbial imbalance in ALS. Previous
ALS clinical trials highlight the limited efficacy of monotherapies but suggest promise for
rational combinations. AMX0035 (sodium phenylbutyrate and taurursodiol) showed benefits
in early studies (Paganoni et al., 2020), although subsequent phase 3 results were negative
(Hoglinger et al., 2024). Other combinations under investigation, such as immune-
modulatory regimes (Thonhoff et al., 2024; Bensimon et al., 2025) or rational drug pairings
identified by computational approaches (S. Y. Lee et al., 2023; Salomon-Zimri et al., 2023),

underscore the current momentum towards multi-target interventions. Yet no trial to date
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has deliberately paired HDAC inhibition with microbiome management. Given the dual
identity of butyrate as both microbial metabolite and HDAC inhibitor, this represents a
compelling opportunity. Pre-clinical evidence already suggests synergy between butyrate
supplementation and riluzole (Y. Zhang et al., 2025), raising the possibility that restoring
microbial SCFA production alongside pharmacological HDAC inhibition could provide
complementary benefits. Future work should test whether combining selective HDAC
inhibitors e.g. HDAC6-targeted compounds with microbiome interventions or dietary
strategies can enhance proteostasis, reduce calcium stress, and stabilise metabolic function
(d’Ydewalle et al., 2011; Paganoni et al., 2021). Beyond HDAC-based strategies, two other
mechanistic streams highlighted here deserve further exploration. First, calcium regulation
and metabolic resilience remain central themes in ALS. The yeast findings of impaired
calcineurin and calcium signalling match neuronal data, suggesting that agents which
stabilise calcium homeostasis such as riluzole, perampanel or experimental mitochondrial
calcium uniporter modulators should be considered in tandem with metabolic interventions
(AMPK activators, NAD+ boosters, or autophagy enhancers). Such combinations could be
screened in preclinical models for their ability to preserve mitochondrial function, support
energy balance, and mitigate Sod1 aggregation. Second, the interplay between fungal and
bacterial members of the microbiome requires deeper investigation. Our results indicate
that fungal virulence is influenced by both butyrate availability and local pH, yet in the host
this occurs within a complex ecosystem of competing bacteria. Future models should
incorporate mixed microbial communities, epithelial barriers, and variable nutrient
conditions to assess how bacterial-fungal interactions shape host proteostasis, barrier

integrity, and immune activation.

In summary, this thesis emphasises that preserving cellular and microbial homeostasis in
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ALS is a multifaceted challenge that required integrative strategies. By situating Sod14V
toxcitiy within wider contexts of metabolism, calcium regulation and host-microbe
interactions, these findings open paths for developing therapeutic combinations. The
convergence of epigenetic modulation, metabolic balance, and microbiome management

remains an underexplored but promising frontier for future ALS therapy.
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