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Abstract

Mutations in the leucine-rich repeat kinase 2 (LRRK2) have been linked to late-onset,
autosomal dominant, familial Parkinson's disease (PD). LRRK2 toxicity has been shown to
cause defects in the autophagic pathway in both yeast and neuronal models. Autophagy is a
main intracellular degradation system and an essential pathway for reducing pathogenic effects
seen in proteinopathies like PD. Furthermore, LRRK2 has been proposed to interact with the
PD-related protein a-synuclein, the main component of the protein aggregates found in PD
patients. This study further analyses the mechanism by which mutations in LRRK2 affect
autophagy in yeast and investigate a possible interaction between LRRK2 and a-synuclein. The
impairment of autophagy by LRRK2 shown in other model systems was confirmed in our ageing
yeast model and pharmacological induction of autophagy was shown to reduce LRRK2 toxicity.
The autophagy block was not caused by changes in vacuolar acidification. Overexpression of
the vacuolar protease Pep4 proved to be protective against LRRK2-induced cell death, while
cellular protein levels of Pep4 were shown to be unaffected by LRRK2. a-Synuclein was

successfully co-expressed but showed no co-toxicity with LRRK2 in this model.



Kurzzusammenfassung

Mutationen in der leucine-rich repeat kinase 2 (LRRK2) sind mit familidrem Morbus Parkinson
in Verbindung gebracht worden. Es wurde gezeigt, dass LRRK2 Toxizitdt sowohl in Hefe als
auch in Neuronen zu Defekten in Autophagie Stoffwechselwegen fiihrt. Autophagie ist ein
wichtiger Bestandteil des intrazelluldren Abbaus von Proteinen und essentiell um pathogene
Effekte zu verhindern, die in Proteinopathien wie Parkinson auftreten. Des Weiteren wurde
spekuliert, dass LRRK2 moglicherweise mit a-Synuclein interagiert, welches der
Hauptbestandteil der mit Morbus Parkinson assoziierten Proteinaggregate ist. Diese Studie
versucht neue Erkenntnisse {iber die Effekte von LRRK2 und Mutationen in LRRK2 auf
Autophagie zu gewinnen und untersucht die potentielle Interaktion von LRRK2 und a-
Synuclein. Eine Inhibierung der Autophagie durch LRRK2, wie bereits in anderen Modelsystem
gezeigt, konnte in unserem alternden Hefemodel bestétigt werden und eine pharmakologische
Induktion von Autophagie reduzierte LRRK2 Toxizitit. Der Grund fiir die Blockade lag nicht in
Veridnderungen des pH-Wertes der Vakuole. Uberexprimieren der vakuldren Protease Pep4
fihrte zu reduzierter LRRK2 Toxizitdt, wobei LRRK2 keinen Effekt auf die basale zellulidre
Proteinmenge von Pep4 hatte. Die Koexpression von a-Synuclein und LRRK2 war erfolgreich,

jedoch wurde keine synergistische Toxizidt festgestellt.
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1 INTRODUCTION

1.1 Parkinson's Disease

Parkinson's disease (PD) is a complex neurological disorder. It is one of the most common
neurodegenerative diseases worldwide, second only to Alzheimer's disease'*". Its prevalence
rises with age. Studies have found that while 41 per 100,000 in individuals aged 40 to 49 years
develop the disease, this number rises to 1,903 per 100,000 for individuals that are 80 years

and older®. Its costs are high regarding both human quality of life and economics**.

The hallmark of PD are its motor symptoms. Patients suffer from a slowness of movement,
muscular rigidity, resting tremor and an instability of gait and posture®. Non-motor symptoms
add to the deterioration of health. These include cognitive impairment, depression, anxiety,
sleep disorders, olfactory and autonomic dysfunction®” and commonly start to occur in the

early stages of PD’.

There is as of yet no treatment that can stop the progression of PD. Available drugs primarily
help to alleviate the severity of the condition®. In order to improve medical therapy, it is vital

that we gain a better understanding of the pathogenesis and pathology of the disease.

The main pathological feature of PD is the loss of dopaminergic neurons in the substantia nigra
pars compacta (SNc). The SNc is a component of the basal ganglia, which is located in the
midbrain. As part of the basal ganglia-thalamocortical circuitry, basal ganglia involvement has
been implicated in multiple motor behaviours, including action selection, preparation,
execution and sequencing of movement and control of movement parameters’. The signalling
of the dopaminergic neurons of the SNc to the striatum constitutes a regulatory part of this
pathway. In accordance, studies have shown that the loss of these neurons in PD is likely what
leads to its motor symptoms'. However, it is estimated that approximately 60% of SNc
dopaminergic neurons are lost before motor symptoms occur'. Additionally,
neurodegeneration is not confined to the SNc. Other brain areas strongly affected include the
amygdala, locus ceruleus, basal nucleus of Meynert, hypothalamus and medullary

tegmentum'?, all of which are anatomically interconnected®.

At least partially responsible for the loss of neurons is a factor PD shares with other
neurodegenerative diseases: Aggregation of abnormally folded proteins. In PD these inclusions
are referred to as Lewy bodies or Lewy neurites'®, depending on whether they are located in
the neuronal soma or processes. They are found in patients' brains and spinal cords, but also
more widespread in the peripheral and enteric nervous system'. Lewy pathology is not

restricted to PD; it is also present in other diseases such as dementia with Lewy bodies'® and



multiple system atrophy'’. These disorders are classified as "synucleinopathies", a term

referring to the main component present in Lewy bodies — alpha-synuclein (aSyn)*®.

The protein aSyn is composed of 140 amino acids, structured in a basic N-terminus, a central
hydrophobic core and an acidic C-terminus'®. Physiologically, it is located at presynaptic
terminals®. Its function is thus far uncertain®'; however, it has been proposed to be involved
in mediating the formation of the SNARE-complex*, which is necessary for vesicle docking and
membrane fusion — and therefore the release of neurotransmitters into the synaptic cleft.
Pathologically, aSyn becomes insoluble and forms unbranched filaments'®. What exactly
prompts this aggregation and what stops cellular clearance mechanisms from effectively
removing it remains unclear®. Although aSyn aggregation is a defining feature of PD, there
have been cases of monogenic PD where no Lewy bodies were present***. A definitive causal

relation has yet to be established?.

Most cases of PD are idiopathic — they occur without identifiable cause. Meta-analysis has
suggested several environmental risk factors, including exposure to pesticides, prior head
injury, usage of B-blockers, rural living and work in agriculture*”*®. However, these factors

appear to only slightly heighten the probability of developing the disease.

Mutations have been identified as a risk factor for idiopathic PD, as well as the cause of
hereditary monogenetic forms of the disease. Only approximately 3-5% of idiopathic cases and
30% of familial cases are attributed to monogenetic mutations®. Nonetheless, the discovery of
these mutations has made it possible to determine molecular pathways that are likely to be
involved in PD, including impairment of synaptic exocytosis and endocytosis, endosomal
trafficking, mitochondrial maintenance and protein degradation via autophagy or the

ubiquitin-proteasome pathway>’.

The first PD-related mutation to be discovered was located in SNCA, the gene encoding for
aSyn®. Since then, several additional mutations in SNCA associated with idiophathic or
autosomal-dominant PD have been identified, including missense mutations as well as
multiplications of the gene locus*. The most frequent cause of dominantly inherited PD are
mutations in LRRK2%*, which encodes for the Leucine-rich-repeat kinase 2 (see below). Further
autosomal dominant mutations occur in VPS35%, EIF4G1**, DNAJC13%* and CHCHD2%. VPS35
and DNAJC13 are involved in endosomal protein trafficking; EIF4G1 is a translation initiation
factor and CHCHD2 a regulator of mitochondrial metabolism®’. Mutations in parkin are the
most common cause of early onset recessive familial PD***®, Other recessive mutations are

located in PINK1* and DJ-1%°. Both parkin and PINK1 are important for mitophagy, while DJ-



1 is a sensor of oxidative stress. However, this list of genetic loci is not exhaustive. Genome
wide association studies have identified multiple additional potential candidate genes®* that

may offer yet further insights into PD pathology.

1.2 Leucine-Rich Repeat Kinase 2

Mutations in LRRK2 are the most frequent cause of autosomal dominant PD*. This gene
encodes for the Leucine-rich repeat kinase 2 (LRRK2), a large multi-domain protein composed
of 2527 amino acids. LRRK2 exhibits dual enzymatic functions, conferred by a Ras of complex
(Roc) GTPase domain and a serine/threonine protein kinase domain. The two catalytic sites
are linked by a C-terminal of Roc (COR) domain and flanked by several protein interaction
domains including armadillo repeats, ankyrin repeats and leucine-rich repeats at the N-
terminus and a WD40 domain at the C-terminus* (Figure 1). It has been shown that LRRK2

forms dimers under native conditions*.
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Figure 1: The domain structure of LRRK2. ARM = armadillo repeats, ANK = ankyrin repeats, LRR = leucine-rich
repeats, COR = C-terminal of Roc.

LRRK2 is expressed in several brain regions, including the striatum, cortex, hippocampus,

4344 as well as in the lungs*, kidneys*

cerebellum and the dopaminergic neurons of the SNc
and cells of the immune system®. Within cells, LRRK2 has been shown to localise at
intracellular membranes such as the outer mitochondrial membrane, or at the membranes of
the lysosome, endoplasmic reticulum and Golgi apparatus, as well as at vesicular structures
like endosomes, autophagosomes, multivesicular bodies and transport vesicles***’. LRRK2 is
typically also present in Lewy bodies* — however, not all cases of LRRK2-associated PD feature

Lewy body pathology™.

Systematic mutation screens have shown that LRRK2 mutations are found in approximately 5-
10% of patients with autosomal dominant PD**%!*2 3 6% of patients with idiopathic PD and
1.8% of healthy controls®. 80 putatively PD-related mutations within LRRK2>* have been
identified. Most of these are missense mutations, where a single nucleotide change leads to the
substitution of one amino acid in the protein. However, at this time only few of the mutations

have been shown to lead to pathogenic consequences®. The most frequent of these is G2019S%,



which is situated in the kinase domain and increases kinase activtiy’®*’. G2019S-related PD
cases are usually clinically indistinguishable from idiopathic PD, including late onset and the
presence of Lewy bodies®®*’. Another mutation, 12020T occurs at the adjacent residue. Its
effects on kinase activity are still ambiguous®>®'. The second most commonly mutated residue
is Arg-1441, situated in the Roc GTPase domain. Three different substitutions have been
observed: R1441G, R1441C and R1441H. R1441H has been shown to increase GTP-binding
affinity®?, while R1441C decreases GTPase activity®’. The pathogenic Y1699C polymorphism in
the COR region between the kinase and GTPase domains has been reported to decrease GTPase
activity as well®. Further pathogenic mutations are more rare; G2385R in the WD40 domain
and R1628P in the COR domain increase PD risk in Asian populations®®®’  while
the N1437H substitution in the GTPase domain does so in Scandinavian families®®. Studies

show that G2385R leads to decreased kinase activity®, while R1628P increases it’”°.

N1437H appears to increase both GTP-binding and kinase activity®.

In addition to offering a better understanding of PD pathology, discovery of these mutations
has also revealed potential pharmacological targets. The fact that the G2019S mutation causes
increased kinase activity has led to a search for kinase inhibitors as an avenue of treatment’".
However, R1441C, R1441G and Y1699C have been linked to cytotoxicity as well**’% suggesting

that kinase activity is not the only important factor in LRRK2 toxicity.

Models to study LRRK2 have been established in several organisms, including yeast, Drosophila
melanogaster, Caenorhabditis elegans, zebrafish, rodents and patient-derived induced
pluripotent stem cells (iPSC). While none of these models has managed to fully replicate PD
phenotypes, each offers different advantages’®. Yeast provides a fast and cost effective way to
screen for modifiers of LRRK2 toxicity or observe the impact of LRRK2 pathobiology on
conserved pathways (see below). Drosophila and C. elegans are similarly convenient and have
the advantage of an existing nervous system, but lack complexity in their neural circuitry and
have no true LRRK2 homolog. This among other reasons makes it necessary to confirm findings
made in lower organisms in mammalian models. In addition, models using iPSC make it

possible to directly study the consequences of LRRK2 mutations in human physiology.

The exact function of LRRK2 is yet unknown, although its kinase activity suggests a role in
cellular signalling pathways. The kinase activity has been found to be required for LRRK2

747> and is dependent on dimerisation’® and membrane

mutant neurotoxicity in cell culture
localisation”’. Several potential substrates have been suggested, but have yet to be validated in
a physiological context’’®, The only currently recognised substrate for LRRK2 is itself*>. LRRK2

has been shown to autophosphorylate more than 20 serine and threonine residues in
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, although not all of these have been replicated in vivo. Most of the
autophosphorylation sites are situated in the GTPase domain, with a few residing in the COR
or kinase domain instead. Notably, there are further phosphorylation sites prior to the GTPase
domain that are not sites for autophosphorylation and are used as a measure of kinase
activity’®. Changes in its phosphorylation status have also been connected to LRRK2's

membrane localisation”’.

Another open question is the interplay between the kinase and LRRK2's other enzymatic
function — do they oppose each other, or facilitate the same outcome? The Ras GTPase family
undergo guanine-nucleotide-dependent conformational changes, enabling them to play the
function of a molecular switch in signalling pathways. It has been proposed that LRRK2's
GTPase acts in a similar fashion®®. It is likely that the kinase domain has a regulatory function
on the GTPase, as autophosphorylation in the GTPase domain regulates GTP binding®’.
Likewise, kinase activity requires an intact GTPase domain®*> and may be regulated by GTP
binding®® — although it has also been observed that the kinase activity is not inhibited if GDP is
present and not enhanced in the presence of GTP or non-hydrolysable GTP®*>*| making this

connection uncertain.

In addition to the many putative substrates, LRRK2 has been implicated in a wide variety of
cellular pathways’®®®, These include mitogen-activated protein kinase pathways, immune-cell-
specific pathways, cytoskeleton dynamics, mitochondrial dynamics, vesicular trafficking and

autophagy.

LRRK2 has been linked to autophagy in multiple model systems, but the details of this
connection remain elusive. Studies in mice have shown an increase of autophagosomes in the
cortex of mice with the R1441C mutation and in the cortex and striatum of mice carrying the
G2019S mutation®. In C. elegans, autophagy genes were found to be regulated in coordination
with LRRK2%. The connection has been studied in several cell lines as well: Blocking autophagy
in SHSY5Y neuroblastoma cells overexpressing the G2019S mutant protein alleviated its
toxicity’. LRRK2 wild type or G2019S overexpression led to an accumulation of
autophagosomes in several cell lines®. Contrarily, studies of LRRK2 mutations in human
fibroblasts showed the G2019S mutation increased autophagy®®, while LRRK2 with G2019S,
Y1699C or R1441G mutations impaired the autophagy response to starvation®®. LRRK2
inhibition stimulated autophagy in human neuroglioma cells®® and SH-SY5Y cells®®. A
knockdown of LRRK2 induced autophagy in HEK293 cells* and the inhibition of LRRK2

increased autophagy in astrocytic cell models in a non-canonical, mammalian target of



rapamycin independent manner”. Finally, expression of the G2019S mutant decreased

autophagy in iPSC-derived human dopaminergic neurons®®.

Further research is needed to clarify the link between LRRK2 and autophagy. One problem is
that it is not known whether LRRK2 has a different role in different model systems and/or cell
lines. Another unresolved issue is if LRRK2 interacts with autophagy pathways directly or
triggers downstream effects that influence autophagy. Furthermore, it is unclear whether
LRRK2 is involved in autophagy regulation under healthy conditions or the connection is only

established during disease®.

1.3 Yeast as a Model for Neurotoxic Cell Death

The budding yeast Saccharomyces cerevisiae is a model organism commonly used in research
targeted at understanding protein function and cellular pathways. This is possible due to a high
degree of conservation of basic molecular function and fundamental pathways with the
mammalian system. Although yeast lacks the complexity of mammalian cells and findings have
to be validated in higher organisms, it offers significant advantages as well: Yeast is easy to
cultivate and allows for comparatively simple genetic manipulation and genome-wide

screening.

The hallmark of most neurodegenerative diseases are protein aggregations, which are thought
to cause cell death'®. The implicated cell death pathways — necrosis, apoptosis'®', oxidative
stress and mitochondrial dysfunction'®?, ER-stress mediated cell death'® — are largely
conserved in yeast. Although autophagic pathways are conserved in yeast (see below), it has

yet to be explored whether autophagic cell death occurs in yeast as well'®".

Yeast models have already been successfully established for several neurodegenerative

diseases, including a-synucleinopathies, polyglutamine disorders, p-amyloid disorders and

194 Although PD-related models in yeast have thus far largely focused on aSyn'®,

tautophaties
a few attempts have been made to study LRRK2 as well. These have been mainly focused on
elucidating the GTPase function. One study was able to show that the GTPase domain has a

key role in mediating LRRK2 toxicity'*®

. Notably, endocytic vesicular trafficking to the vacuole
and autophagy were impaired in this yeast model. Further studies were able to demonstrate
that GCS1 functions as a GTPase activating protein for LRRK2'”’, which has been confirmed in
the mammalian system for its ortholog ArfGAP1'®, In addition, a study investigating LRRK2
mutants in the context of oxidative stress observed that only the LRRK2 wild type, but not

pathogenic mutants, protect against reactive oxidant species in yeast'®.



1.4 Autophagy

Autophagy is one of the molecular pathways that have been reported to be dysfunctional in
PD*. Evidence from several studies suggests that LRRK2 interferes with autophagic

processes®'° but it is as of yet unknown how this interference occurs.

The term autophagy refers to a group of degradation processes that can be separated into the
classifications of macroautophagy, microautophagy and chaperone-mediated autophagy''"''.
In macroautophagy double-membrane vesicles called autophagosomes engulf cellular
components and transport them to the vacuole, where the cargo is degraded after fusion of the
autophagosomal outer membrane with the vacuole (Figure 2). This can happen selectively or
non-selectively. By contrast, in microautophagy the cargo is engulfed directly at the vacuole
via invagination, protrusion, and septation of the vacuolar membrane. Microautophagy can
occur selectively or non-selectively as well, with selective microautophagy playing an important
role in the turnover of mitochondria, peroxisomes and parts of the nucleus. Chaperone-
mediated autophagy differs in that no new vesicular structure is formed. Instead, proteins are

delivered directly into the lysosome through a protein-translocation complex. It is uncertain

whether chaperone-mediated autophagy is present in lower organisms''?.

As macroautophagy is the relevant pathway to this thesis, it will be the focus of this chapter
and hereafter be referred to as autophagy. While the pathways are largely conserved from yeast

to the mammalian system'"!

, there are differences at certain stages of the process as well as in
nomenclature. By reason of S. cerevisiae being the model organism of choice for this thesis, this

chapter will describe yeast autophagy.

While the cell's other main degradation mechanism, the ubiquitin-proteasome system, is
required to remove most short-lived, misfolded or damaged proteins, autophagy is responsible

for the degradation of long-lived proteins, large protein complexes and damaged organelles''*.

Autophagy induction is regulated by the Atgl complex and occurs at what is referred to as the
phagophore assembly site (PAS)'". In the following nucleation stage, the Atgl4-containing
class III phosphatidylinositol 3-kinase complex I is recruited to the PAS''®. In a process that has
yet to be fully elucidated, a double-membrane precursor structure called the phagophore is
created at the PAS'Y. Next, the phagophore is expanded. This requires two ubiquitin-like
protein conjugation complexes involving the proteins Atg12 and Atg8''®. Atgl2 is activated by
Atg7 and conjugated to Atg5 by Atgl0'’. The function of the Atgl2 complex is unclear;
however, it is involved in recruiting the Atg8 conjugation system'*’. The Atg4 cysteine protease

cleaves the C-terminal arginine off Atg8, whereupon it is activated by Atg7 and transferred to
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Figure 2: Macroautophagy in yeast. A phagophore forms and engulfs the cargo. The fully formed double-membrane
vesicle called the autophagosome transports the cargo to the vacuole where the outer membrane of the
autophagsome fuses with the vacuolar membrane. The inner membrane and the cargo are degraded by vacuolar
hydrolases.

Atg3. Atg3 then forms a covalent bond between the C-terminus of Atg8 and

121

phosphatidylethanolamine (PE) on the phagophore membrane'*'. Atg8-PE is involved in cargo

122

recognition and may contribute to membrane curvature™**. Atg9 is thought to play a key role

in phagophore expansion as well'®, although it is yet uncertain exactly how.

Once the phagophore has completely engulfed the cargo and its membrane is closed around it,
it is considered a fully formed autophagosome. The size of the autophagosome varies
depending on its cargo but is typically between 0.3 and 0.9 num'**. Tethering and fusion of the
outer autophagosomal membrane with the vacuole requires a variety of factors including the
Rab GTPase Ypt7'®® and several SNARE proteins such as Vam3'*, Vam?7, Vtil and Ykt6''*. In
addition, vacuolar protease activity and acidification are necessary'?. Finally, after the fusion
the lipase Atg15 dismantles the inner autophagosomal membrane'?® and the cargo is degraded

by vacuolar hydrolases.

As an important cellular process, autophagy is tightly regulated by epigenetic, transcriptional

117

and post-transcriptional mechanisms**’. While autophagy is active constitutively at a basal

level, it can be massively induced under nutrient starvation. The cell's main integrator of



nutrient-derived signals and a negative regulator of autophagy is the serine/threonine protein

kinase target of rapamycin (TOR)'**'%°,

Two TOR complexes have been identified in yeast: The TOR complex 1 (TORC1) and TOR
complex 2 (TORC2). Both TORC1 and TORC2 redundantly control autophagy, progression of
the cell cycle, ribosome biogenesis, transcription regulation and amino acid uptake by
permeases'**!, TORC2 additionally regulates the polarization of the actin cytoskeleton and
sphingolipid biosynthesis'*>. Rapamycin — one of the most common ways to induce autophagy
in laboratory settings next to nitrogen starvation — only inhibits the signalling branch shared

by TORC1 and TORC2'%.

Under nutrient rich conditions, TOR is active and upregulates anabolic pathways while also
repressing processes necessary for the response to nutrient deprivation. Under starvation
conditions, TOR is inactivated. It no longer stimulates pathways for cell growth and stops

repressing pathways like autophagy, leading to their initiation'*'.

TOR inhibits autophagy via Atgl3, which is part of the Atgl complex (see above). When TOR
is active, it phosphorylates Atgl3 at several Ser residues'®®, preventing its interaction with the
Atgl complex. When TOR is inhibited, Atg13 is dephosphorylated and becomes active, leading
to the assembly of the Atgl complex and initiation of autophagy'**. In addition, TOR further

controls autophagy by regulating transcription factors for autophagy related genes'’.

1.5 The Yeast Vacuole and Vacuolar Proteases

The yeast vacuole is an acidic organelle that shares many functions with the mammalian
lysosome'®. Both compartments are involved in the degradation of cargo delivered via
endocytosis or autophagy. Both then supply the degradation products for the synthesis of new
macromolecules. Unlike the lysosome, the vacuole also carries out a variety of additional
functions. It stores amino acids, ions and metals and recycles them to the cytosol when it

becomes necessary. Furthermore, it is used to sequester toxic molecules.

This myriad of functions demands a highly flexible organelle that can adapt to the cellular
environment as needed™*>"*®, Thus, its morphology is dynamic, allowing for fission and fusion
of vacuolar compartments amongst each other as well as fusion with cargo-carrying vesicles.
Yeast cells typically contain multiple intermediately sized vacuolar lobes during exponential
growth. Upon entering the stationary phase, or under nutrient deprivation, these lobes combine
to form one larger vacuole. By contrast, under osmotic stress conditions the vacuole undergoes

fission into numerous smaller vesicles. A low vacuolar pH is maintained by the V-



ATPase protein complex actively pumping protons into the organelle’®. This is vital for the

proper function and localisation of vacuolar proteins'®,

The proteins of the vacuole can be grouped into hydrolases and transporter proteins. Proteases
are part of the former; they perform protein breakdown and can be either membrane-bound or
solulable’®. They are trafficked to the vacuole in a zymogen precursor form that has to be
activated by a complex cascade resulting in proteolytic cleavage to remove a propeptide'®. A
key enzyme in this cascade is the protease Pep4'**'*. While Pep4 itself autoactivates itself at
low pH™ ! other proteases such as proteinase B, carboxypeptidase Y and aminopeptidase
I are dependent on it for activation. The proteases typically function with broad substrate
specificity'*®. Both extracellular and intracellular proteins are trafficked to and degraded in the

vacuole, with protein degradation occurring both constitutively and as a stress response'®.

1.5 A New Yeast Model for LRRK2

For my work on this thesis, I used a S. cerevisiae model previously established in our group to

explore the mechanisms of LRRK2 toxicity.

This model analyses the impact of LRRK2 on yeast cells in the context of a chronological ageing.
Chronological ageing examines the survival of yeast cells in the postdiauxic and stationary
phase and is used as a model for post-mitotic, non-dividing cells in tissues of higher
eukaryotes'**. As the expression of full length human LRRK2 in yeast reportedly led to the

formation of insoluble LRRK2 aggregates that failed to affect yeast viability'®

. we examined a
fragment consisting of the GTPase, COR and kinase (GCK) domains. The pYES2/CT plasmid
was used for heterologous overexpression. In addition to the wild type form, we also looked at
four mutated GCK domains, generously provided by Darren Moore'®: R1398L, K1347A,
G2019S and TripKN (Table 1, Figure 3). The G2019S mutation occurs in the kinase domain of
LRRK2 in patients suffering from PD (see above). The other mutations have not been found in
PD patients, but provide an opportunity to study the effects that changes in the enzymatic
domains may exert upon LRRK2 function and toxicity. TripKN is another mutation affecting
the kinase domain; the other two mutations affect the GTPase domain instead. The empty
vector as well as pYES2/CT expressing -galactosidase (LacZ) functioned as controls. LacZ is
approximately of the same size as the GCK fragment while likely having no active function in

yeast itself and is used to account for ER stress that might be caused by the overexpression of

any protein.
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Table 1: Analysed GCK domain mutations and their effect on the enzymatic functions.

Mutation Effect
R1398L enhanced GTPase
K1347A impaired GTPase
G2019S enhanced kinase
TripKN impaired kinase

Figure 3: The LRRK2 GCK fragment and the mutations analysed in this study.

K1347A R1398L G2019S TripKN

COR

GCK

The expression of the GCK fragments as well as the LacZ control was confirmed via

immunoblotting and consecutive detection of their V5-tag (Figure 4B).

Throughout the chronological ageing, cell death was monitored by testing for membrane
integrity using flow cytometry to quantify propidium iodide (PI) stained cells (Figure 4A). The
effects of LRRK2 toxicity were observable at approximately 40 hours after induction of LRRK2
expression. After 72 hours, the effect of LRRK2 on cell viability became apparent; cells
expressing LRRK2 exhibited increased loss of membrane integrity and thus cell death compared
to cells expressing LacZ. While there was no significant difference in cell death between the
wild type form and the mutations affecting the kinase domain (G2019S, TripKN), or the
mutation that impairs the GTPase function (K1347A), the mutation that enhances GTPase

function (R1398L) was less toxic in this model.
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Figure 4 A model for LRRK2 toxicity in yeast cells heterologously expressing human LRRK2-GCK in its wild type
form (GCK-WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to cells expressing LacZ
and the empty vector (pYES2/CT). (A) Flow cytometric quantification of PI stained cells measuring cell death over
a period of 4 days after induction of LRRK2-GCK expression. Mean = S.E.M., n = 4, *** = P < 0.001, * = P < 0.05.
(B) Immunoblot analysis expression control of LacZ and LRRK2-GCK.

1.6 Aim of This Study

The aim of this study was to further analyse the mechanism by which LRRK2 and its mutations

affect autophagy in yeast and investigate a possible interaction between LRRK2 and aSyn.
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2. Materials

2.1 Laboratory Equipment
The laboratory equipment used during research for this thesis is listed in Table 2.

Table 2: Equipment used during laboratory work.

Equipment Specification

96 deep well plates VWR

Analytical balance Kern & Sohn GmbH, Germany
Autoclaves Systec GmbH, Germany

Cell counter CASY™, Schérfe Systems
Centrifuge (for FACS plates, 15 mL / 50 mL flasks) Sigma 3-18K

Centrifuge (for reaction tubes) 5415 R, Eppendorf AG, Germany
ChemiDoc™ Touch Bio-Rad Laboratories GesmbH
Colony counter Olli MBS counter 3.0, LemnaTec Microbio GmbH
Current source Bio-Rad Laboratories GesmbH
Electroporator Eppendorf AG, Germany

FACS plates Greiner

Flasks (15 mL / 50 mL) Sarstedt AG & Co, Germany

Flow Cytometer FACSAria™, BD Biosciences, Austria
Fluorescence microscope Axioskop microscope, Zeiss, Austria
Freezer (-20°C) Liebherr

Freezer (-80°C) Forma Scientific and Sanyo

Gel camber Bio-Rad Laboratories GesmbH
Magnetic stirrer IKAMAG RCT (IKA)

Multi-pipettes Eppendorf, Gilson and Matrix (Thermo Scientific)
NanoDrop ND-1000, PeqLab

pH meter Methrom

Photometer DU 730 UV/Vis Spectrophotometer, Beckman Coulter
Pipette tips Eppendorf AG, Germany

Pipettes Gilson, Inc., USA

Platform shaker Promax 2020, Heidolph

Reaction tubes Eppendorf AG, Germany

Shaker for flasks Multitron II, Infors H'T

Syringe Hamilton

Thermomixer Eppendorf AG, Germany

Vortex Genie 2 Scientific Industries, Inc., USA
Western Blotting system Amershan Biosciences
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2.2 Strains and Plasmids

Experiments were carried out in the S. cerevisiae strain BY4741 (MATa his3A1 leu2A0 met15A0
ura3A0) obtained from Euroscarf. In addition to the wild type, BY4741 harbouring
endogenously GFP-tagged Atg8 (provided by Andreas Aufschnaiter), endogenously HA-tagged
Pep4'*® or the vectors pESC-His empty, pESC-His expressing FLAG-tagged Pep4'*, pUG23-His
empty (expressing free GFP) or pUG23-His expressing EGFP-tagged a-Synuclein'* were used.

In each case, clones containing pYES2/CT expressing V5-tagged LacZ or V5-tagged LRRK2-GCK
in the wild type variant (GCK-WT) or several mutant alleles (R1398L, K1347A, G2019S,
TripKN) through a GAL 1 promotor (plasmids provided by Darren Moore'*®) were analysed. A

summary can be found in Table 3.

Plasmids were amplified in Escherichia coli strain XL-1.

Table 3: Genotype modifications and plasmids used for S. cerevisiae BY4741. For each strain, clones containing
PYES2/CT expressing LacZ"® or LRRK2-GCK"* in the wild type variant (GCK-WT) or several mutant alleles (R1398L,
K1347A, G2019S, TripKN) were analysed (1st plasmid).

Strain Genotype 2nd Plasmid Plasmid Description

BY4741 MATa his3A1 leu2A0 met15A0
ura3A0 (WT)

BY4741 as above pESC-His HIS-marker, no insert

BY4741 as above pESC-His HIS-marker, Pep4 insert, galactose-
induced  glucose-repressible GAL10
promotor, C-terminal FLAG-tag

BY4741 as above pUG23 HIS-marker, no insert (expressing C-
terminal EGFP-tag), methionine-
repressible MET25 promoter

BY4741 as above pUG23 HIS-marker, a-Synuclein insert, C-
terminal EGFP-tag, methionine-
repressible MET25 promoter

BY4741 as WT, GFP:ATG8 - -
BY4741 as WT, PEP4:HA - -
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2.3 Growth Media

Growth media were prepared using double distilled water. Sterilisation was performed using

a CertoClav or autoclave steriliser for 25 minutes at 121°C. S. cerevisiae cells were primarily

grown on synthetic minimal medium (SMD/SMG), with the media lacking the amino acid(s)

used as plasmid selection marker(s). Amino acid mixes were produced as 10x stock and

autoclaved separately. Yeast peptone dextrose medium (YPD) was used to grow S. cerevisiae

cells without selection marker carrying plasmids for transformations. E.coli cells were grown

on lysogeny broth medium (LB). The composition of the media used is listed in Table 4.

Table 4: Growth media used during laboratory work.

Medium Composition

SMD/SMG (synthetic minimal dextrose/galactose,
minimal medium)

YPD (yeast peptone dextrose, full medium)

YNB (yeast nitrogen base)

LB (lysogeny broth, full medium)

Solid media for plates

0.17% Yeast nitrogen base (Difco)
0.5% Ammonium sulphate (Carl Roth GmbH)

2% D-glucose (SMD) or D-galactose (SMG) (PanReac
AppliChem GmbH)

amino acid mix (SERVA Electrophoresis GmbH), added
to medium after autoclaving seperately:

80 mg/L Histidine

200 mg/L Leucine

320 mg/L Uracil

30 mg/L all other amino acids

missing corresponding amino acid(s) for plasmid
selection as necessary.

1% Bacto Yeast extract (BD)
2% Bacto-peptone (BD)
4% D-glucose (PanReac AppliChem GmbH)

0.17% Yeast nitrogen base (Difco)
0.5% Ammonium sulphate (Carl Roth GmbH)

0.5% Bacto yeast extract (BD)
1% Bacto-tryptone (BD)
0.5% NaCl (Carl Roth GmbH)

addition of 2.2% agar (BD)

for solid SMD plates, D-glucose and agar were
autoclaved separately from YNB
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2.4 Chemicals

The kits and chemicals used during research for this thesis are listed in Table 5.

Table 5: Chemicals used during laboratory work.

Chemicals Company

6x DNA loading dye

Acrylamide

APS (ammoniumperoxo-disulphate)
Bromphenol blue

BSA (bovine serum albumin)

CAPS (N-cyclohexyl-3-aminopropanesulfonic acid)
Chloroform

Clarity western ECL substrate

DHE (dihydroethidium)

DMSO (dimethyl sulfoxide)

EDTA (ethylenediaminetetraacetic acid)
GeneJET™ Plasmid Miniprep Kit
GeneRuler™ 1 kb DNA Ladder
Glycerine 87%

Glycine

HCI (hydrochloric acid)

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)

Isoamylalcohol

Isopropanol

K,HPO, (dipotassium hydrogenphosphate)
KH,PO, (potassium dihydrogen phosphate)
Lithium acetate dihydrate

Methanol

Milk powder
N,N'-Methylenebisacrylamide

NaCl (natriumchlorid)

NaOH (sodium hydroxide)

PageRuler™ Prestained Protein Ladder
Phenol

PI (propidium iodide)

Polyethylene glycol 400

Quinacrine

Fermentas

Carl Roth GmbH, Germany
Fluka Chemie AG, Switzerland
Carl Roth GmbH

Carl Roth GmbH, Germany
Sigma-Aldrich

Carl Roth GmbH, Germany
Bio-Rad Laboratories GesmbH
Sigma-Aldrich

Carl Roth GmbH, Germany
Carl Roth GmbH

Thermo Fisher Scientific
Thermo Fisher Scientific
VWR

Carl Roth GmbH, Germany

Carl Roth GmbH
SERVA Electrophoresis GmbH

Merck KGaA, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH

Carl Roth GmbH
Sigma-Aldrich

Carl Roth GmbH

Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH

Carl Roth GmbH

Thermo Fisher Scientific
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany

Sigma-Aldrich
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Rapamycin

Restriction enzyme

SDS (sodium dodecyl sulfate)

Spermidine

TEMED (N,N,N’,N’-tetramethylethylendiamin)
Tris (tris(hydroxymethyl)aminomethane)
Triton X-100

B-Mercaptoethanol

Sigma-Aldrich

New England Biolabs

SERVA Electrophoresis GmbH
Sigma-Aldrich

Carl Roth GmbH, Germany
Carl Roth GmbH

Carl Roth GmbH

Carl Roth GmbH

2.5 Buffers and Solutions

The buffers and solutions used during research for this thesis are listed in Tables 6-11, sorted

by method.

2.5.1 Cell Lysis, SDS-PAGE and Immunoblotting

Table 6: Buffers and solutions used for cell lysis, SDS-PAGE and immunoblotting.

Solution Composition

Laemmli (lysis) buffer

Electrophoresis buffer

Running gel

0.3 g Bromphenol blue

100 mM B-Mercaptoethanol
10% Glycerine

2% SDS

50 mM Tris/HCl

pH = 6.8

(no B-Mercaptoethanol for native conditions)

192 mM Glycine
0.2% SDS
25 mM Tris/HCl
pH = 8.8

12.5% acrylamide

0.1% APS

0.4% N, N'-methylenbisacrylamide
0.2% SDS

0.01% TEMED
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250 mM Tris/HCl
pH = 8.8

(no SDS for native blots)

Stacking gel 5% acrylamide

0.1% APS

0.13% N, N'-methylenbisacrylamide
0.2% SDS

0.01% TEMED

250 mM Tris/HCI

pH = 6.8

(no SDS for native blots)

CAPS (blotting) buffer 10 mM CAPS
10% Methanol
pH =11

TBS buffer 150 mM NacCl
10 mM Tris/HCl

pH=74
TBS-T buffer same as TBS, plus 0.02% Triton X-100
Blocking solution 3% milk powder or BSA (depending on following

antibody solution) in TBS

Stripping buffer 100 mM B-Mercaptoethanol
2% SDS

62.5 mM Tris/HCl

pH = 6.7

2.5.2 Antibodies

Table 7: Antibodies used for detection on membrane.

Antibody Company

primary

a-Synuclein Sigma-Aldrich

Flag Sigma-Aldrich
GAPDH gift by Prof. Kohlwein
GFP Roche, Mannheim
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HA Sigma-Aldrich
V5 Novex, Carlsbad
secondary

a-mouse POD Sigma-Aldrich
a-rabbit POD Sigma-Aldrich

2.5.3 Pl and DHE Staining

Table 8: Buffers and solutions used for PI and DHE staining.

Solution Composition

PBS buffer 0.359% (w/v) K,HPO,
0.059% (w/v) KH,PO,
0.9% (w/v) NaCl

pH=72
PI solution 1:500 dilution in PBS
DHE solution 1:1000 dilution in PBS

2.5.4 Quinacrine/PI Staining

Table 9: Buffers and solutions used for quinacrine/PI staining.

Solution Composition

Solution 1 0.1 M HEPES (pH = 7.6)
YPD
Solution 2 0.1 M HEPES (pH = 7.6)

0.4 uM Quinacrine
YPD

Solution 3 0.1 M HEPES (pH = 7.6)
2% Glucose

ddH,0

Solution 4 0.1 M HEPES (pH = 7.6)
2% Glucose

PI, 1:500 dilution
ddH,0




2.5.5 Yeast Plasmid Isolation and Transformation

Table 10: Buffers and solutions used for S. cerevisiae plasmid miniprep and plasmid transformations.

Solution Composition

Plasmid Isolation

Yeast lysis buffer

Phenol/chloroform/isoamylalcohol mix
Plasmid Transformation

TE/LiAc

PEG solution

Carrier-DNA (ssDNA)

1 mM EDTA

100 mM NacCl

1% SDS

2% (w/v) Triton X-100
10 mM Tris/HCl
pH=38

25:24:1

100 mM Lithium acetate
0.5 mM EDTA

5 mM Tris/HClI

pH=38

40% Polyethylene glycol 400
100 mM Lithium acetate

1 mM EDTA

10 mM Tris/HCl

pH=38

Carrier-DNA (ssDNA)

2.5.6 DNA Agarose Gel Electrophoresis

Table 11: Buffers and solutions used for DNA agarose gel electrophoresis.

Solution Composition

TAE

Agarose gel

40 mM Tris
1 mM EDTA
pH = 8.0

1% (w/v) Agarose in TAE

3 drops ethidium bromide
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2.6 Software Used for Analysis

Microsoft Office for Mac 2016 (Excel, Word, PowerPoint) was used for data evaluation and
presentation. Flow cytometry data was analysed using BD FACSDiva software. Quantificational
analysis of immunoblots was performed using Image Lab version 5.2.1. Image editing was
performed using ImageJ version 2-00-rc-49/1.51d'*. Statistical analyses were done using SPSS

version 23.
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3. METHODS

3.1 Cell Biological Methods
3.1.1 Chronological Ageing

For ageing experiments overnight cultures (ONCs) were prepared by inoculation of 2 mL of
corresponding SMD selection medium with a yeast colony and incubated at 28°C and 145 rpm
for 16-20 hours. These ONCs were then used to inoculate 100 ml baffled flasks with 10-20 mL
SMD medium to ODgy, = 0.1. Strains were incubated at 28°C and 145 rpm until they reached
ODgy, = 0.3. Cells were then harvested for 5 minutes at 4000 rpm and 21°C. After
centrifugation, cells were shifted to SMG medium for induction of LRRK2-GCK and LacZ
expression and again incubated at 28°C and 145 rpm. This point in time was then used as point

zero for the ageing.

3.1.2 Yeast Cell Storage

To store S. cerevisiae cells, 500 pL. ONC were mixed with 500 pl 50% glycerine as a
cryoprotectant and frozen at -80°C. When needed for inoculation, cells were streaked on YPD
or SMD selection plates and incubated for two days at 28°C. Plates with colonies were stored

at 4°C for up to 14 days.

3.1.3 DHE and PI Staining for Flow Cytometry

In order to analyse cell death propidium iodide (PI), a fluorescent agent that stains cells with
ruptured membranes, was used. Cell samples of 35 uL were collected in 96-well plates and
centrifuged for 5 minutes at 21°C and 4000 rpm. Cells were resuspended in 250 pL PI solution
and incubated in the dark for 10 minutes. For analysis of oxidative cell stress, the superoxide
indicator dihydroethidium (DHE) was used. For this set up, cells were instead resuspended in
250 uL DHE solution and incubated in the dark for 5 minutes. After staining, centrifugation
was repeated. Cells were resuspended in 250 pL PBS and then analysed via flow cytometry.

For each measurement 30000 cells were evaluated.
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3.1.4 Induction of Autophagy by Treatment with Rapamycin,
Spermidine or Calcium

Rapamycin, spermidine and calcium were used to induce autophagy during the ageing. Cells
were exposed to the substances with the shift to galactose media, concurrent with the induction
of LRRK2 and LacZ expression. To achieve this, the agents were mixed into the SMG media
prior to the shift. The substance concentrations for the initial experiments were chosen based
on previous experience our work group obtained when working with an aSyn yeast model. For
the initial experiments, the control consisted of cells without added substance. For further
experiments with rapamycin treatment, DMSO was added to the control, as DMSO was used
to solve rapamycin and has itself been reported to affect yeast cell growth'”*, In small doses,
it has been shown to be beneficial to cell proliferation. As DMSO is toxic at higher doses, it was
ensured that concentrations did not exceed 0.1% (v/v). Where more than one concentration
of rapamycin was observed, dillution was chosen in such a way that an equal amount of DMSO

was added to all cultures.

3.1.5 Clonogenic Cell Survival Assay

Clonogenic survival of the chronologically ageing yeast cultures under treatment with
rapamycin was determined via survival plating. 30 or 35 uL of a 1:10000 dilution of the main
culture in ddH20 were plated onto YPD agar. Plates were then incubated at 28°C for 3 days
and colonies counted using an Olli MBS cell counter. In order to calculate how many cells had
been plated, cell density of the cell cultures was measured using a CASY cell counter system.
Cultures were diluted 1:10000 in Casyton. Two separate measurement cycles were performed
for each sample. Survival was defined by how many of the plated cells (dead or alive) were

able to grow colonies.

3.1.6 Fluorescence Microscopy

3.1.6.1 Monitoring Protein Localisation

In order to visually monitor autophagy, cells containing endogenously GFP-tagged Atg8, a
protein located in the autophagosomal membrane, were studied. To observe aSyn localisation
in the presence of LRRK2, cells expressing EGFP-tagged aSyn via a pUG23 vector were used.
In each case 200 uL cells were harvested, directly dosed with 2.5 ug/mlL PI and incubated in
the dark for 5 minutes. Samples were washed in 500 uL PBS directly prior to analysis under

the fluorescence microscope. GFP fluorescence was detected using an eGFP filter, PI
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fluorescence using a dsRED filter. Exposure time varied as necessary but was kept constant for

all clones per time value.

3.1.6.2 Monitoring Cell Acidity

Quinacrine is a fluorescent dye that accumulates in acidic compartments and can thus be used
to monitor cell acidity. To accomplish this, 250 uL cells were harvested and washed in Solution
1, followed by quinacrine staining in Solution 2 for 10 minutes at 28°C and 145 rpm. Keeping
cells on 4°C for the rest of the experiment, they were then washed twice with Solution 3,
followed by PI staining in Solution 4, incubating in the dark for 10 minutes. Samples were then
analysed under the fluorescence microscope. Quinacrine fluorescence was detected using an
eGFP filter, PI fluorescence using a dsRED filter. Exposure time varied as necessary but was

kept constant for all clones per time value.

3.2 Biochemical methods
3.2.1 Cell Lysis

Cell lysis was needed to isolate proteins for further SDS-PAGE and immunoblot analysis.
Samples of ODgy,, = 3 (ODgy, = 8 for aggregate blots) were harvested, suspended in 200 uL
NaOH (0.1M) and incubated in a thermomixer for 5 minutes at 21°C and 1400 rpm. After 5
minutes of centrifugation at 21°C and 4000 rpm, the pellet was resuspended in 150 pL Laemmli
buffer and incubated in a thermomixer under the previous conditions. After another round of
centrifugation, 100 pL of the supernatant were transferred into new reaction tubes to avoid
accidental transferal of the pellets onto gels. Samples were then either directly used for SDS-

PAGE or stored at 4°C.

3.2.2 SDS-PAGE and Immunoblotting

SDS-PAGE with consecutive immunoblotting was used to assess an array of protein expression-
related questions. Expression of LRRK2 and LacZ was checked via the V5-tag under regular
conditions and under exposure to rapamycin. Expression control and quantification of the
endogenously HA-tagged Pep4 was done using the HA-tag, expression control of Pep4

EGFP

overexpressed via pESC-HIS using the FLAG-tag. For aSyn™", expression was checked via the
GFP-tag and aggregates were detected with an aSyn specific antibody on native blots. To

determine vacuolar degradation of endogenously GFP-tagged Atg8 as a measure of autophagic
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flux, GFP-Atg8 and free GFP were detected using Anti-GFP antibody. The housekeeping protein

GAPDH was used as a loading control for all setups.

Cell lysates were separated at 200 V on a 12.5 % SDS-polyacrylamide gel and then
electroblotted to a PVDF membrane using CAPS buffer for 75 minutes at 220 mA and room
temperature. Samples for native aggregate blots were separated on 10% polyacrymide gels,

with gels and blots run at 4°C.

To avoid unspecific binding, membranes were blocked under shaking conditions for at least 1
hour with 3% milk powder or 3% BSA in TBS (depending on the following antibody solution).
This was followed by incubation with a primary antibody at room temperature for 1-3 hours
or at 4°C overnight. After washing the membranes with TBS-T for 15 minutes, they were
incubated with the respective peroxidase-conjugated affinity-purified secondary antibody for
at least 1 hour. Following extensive washing with TBS-T, the reaction was developed by

enhanced chemiluminescent staining using ECL substrate and detected via ChemiDoc™ Touch.

3.2.3 Stripping

Immunoblot membranes were stripped where it was necessary to use an antibody for detection
of proteins overlapping with another antibody already bound to the membrane. Membranes
were incubated in stripping buffer at 60°C for 15 minutes and then washed with TBS-T until
no more B-mercaptoethanol could be nasally detected. At this point blocking and antibody

incubation was repeated as described above.

3.3 Molecular Biological Methods
3.3.1 Yeast Plasmid Transformation

The pYES2/CT plasmid set for LRRK2 expression and control (see above) was transformed into
BY4741 wild type and into BY4741 harbouring endogenously tagged GFP-Atg8. pESC-HIS for

EGFP

Pep4 expression, pUG23 for aSyn™" expression and their respective empty control vectors
were introduced into the BY4741 wild type in a double plasmid transformation with the

PYES2/CT set.

ONCs of 5-10 mL were used to inoculate 50 mL of YPD (wild type) or SMD (selection) media
to an ODgy, = 0.2. Cells were then grown to ODgy, =0.6-0.8, harvested and washed with 10
mL ddH,0, the centrifugation performed for 5 minutes at 4000 rpm and 21°C. Cells were

washed with 10 mL TE/LiAc under the same conditions and then resuspended in 300-500 pL
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TE/LiAc and incubated at 28°C and 145 rpm for 30 minutes. Meanwhile ss-DNA was first
heated at 95°C for 10 minutes and then put on ice for at least 10 minutes. Once incubation was
finished, 50 uL of the cell solution were mixed with 300 uL PEG solution, 5 uL ss-DNA and 0.5-
1 ng plasmid DNA. After thorough vortexing, the suspension was again incubated for 30
minutes at 28°C and 145 rpm. Cells were then heat shocked at 42°C for 20 minutes. After
centrifugation at 13000 rpm for 12 seconds, the supernatant was removed and the pellet
resuspended in 70 pL ddH,0. The cell solution was then plated onto selection plates and
incubated at 28°C for 2 days. Average-sized clones were then picked and streaked onto new
selection plates. After 2 further days of incubation at 28°C the clones were used to inoculate

ONC:s for ageings and cryostorage.

3.3.2 Yeast Plasmid Isolation

In order to isolate needed pUG23 plasmids from yeast cells, 5 mL ONCs were harvested for 5
minutes at 4000 rpm and 21°C and resuspended in 300 uL yeast lysis buffer. About 300 mg
glass beads and 200 uL phenol/chloroform/isoamylalcohol mix were added. After vortexing
for 3 minutes, samples were centrifuged for 10 minutes at 10000 rpm and 21°C. The water
phase was transferred into a new reaction tube and 150 pL isopropanol were added to
precipitate the DNA. Samples were centrifuged for 10 minutes. Pellets were then washed twice
soaking in 750 pL ethanol for 2 minutes, followed by 2 minute centrifugation at 10000 rpm
and 21°C. After air drying pellets were resuspended in ddH,0. The concentration of isolated

DNA was checked via NanoDrop.

3.3.3 Restriction Digest and Agarose Gel Electrophoresis

In order to check the isolated pUG23 plasmids, correct plasmid size was confirmed via agarose
gel electrophoresis. To accomplish this, plasmids were first linearised by restriction digest with
the restriction enzyme XBal. The digest was performed with 1 g of plasmid DNA, 1 uL enzyme
and 1x NEBuffer in a total reaction volume of 50 pL at 37°C for one hour. The restriction
enzyme was then inactivated by incubation at 65°C for 20 minutes. The size of pUG23 plasmids
with and without aSyn was confirmed by separation on a 1% agarose gel and comparison to

DNA ladder standard.
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3.3.4 E. coli Plasmid Transformation

Transformation of pU23 plasmids into E. coli cells via electroporation was performed in order
to amplify plasmids for later transformation into S. cerevisiae. Cuvettes were sterilised under
UV light for 10 minutes and then precooled on ice. For electroporation, 100-150 ng of plasmid
DNA and 40 pL of competent E. coli cells were mixed in cuvettes and shocked at 2500 V. After
adding 1 mL of LB media, cells were incubated at 37°C for 30 minutes. Cells were then plated
onto LB agar plates (containing 100 pg/mL ampicillin for selection) and incubated at 37°C

overnight.

3.3.5 E. coli Plasmid Isolation

Plasmid isolation from E. coli was performed using the "GeneJET™ Plasmid Miniprep Kit" by
Thermo Fisher Scientific following the provided instructions. The concentration of isolated

plasmids was checked via NanoDrop.

3.4 Statistics

A one-way ANOVA followed by a Bonferroni post-hoc test was used to calculate P-values. For
diagrams spanning several days, a two-way ANOVA with time and strain as independent factors
followed by a Bonferroni post-hoc test was used. Error bars showing + S.E.M. are included in
shown diagrams. The number of independent data points (n) is indicated in the figure legends

of the corresponding graphs.
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4. Results

4.1 LRRK2 Causes a Block of Autophagy

To confirm whether or not LRRK2 affects autophagy in our S. cerevisiae model, we employed
methods of Atg8 detection and quantification (for measure of non-specific autophagy) as
described by Klionsky et al.'*’. Atg8 is a ubiquitin-like protein involved in autophagosome
formation and cargo recruitment™’. It undergoes conjugation to PE on the autophagosomal
membrane and is widely used as a marker for autophagosomes. For experimental purposes,
Atg8 can be tagged with GFP at the N-terminus (as the C-terminus is cleaved off by Atg4 in
processing). This allows for rudimentary tracking of autophagosomes and their vacuolar fusion
under the fluorescence microscope. If autophagosomes do fuse with the vacuole, Atg8 is
degraded while the free GFP remains relatively resistant to hydrolysis and can be detected in
cell lysates. The amount of free GFP and GFP bound to Atg8 can be checked and compared via

immunoblotting and used as an indicator for autophagic flux.

kK

24h
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|

Figure 5: The influence of LRRK2 toxicity on autophagy measured by immunoblotting the autophagosomal
membrane protein GFP-Atg8. Endogenously GFP-tagged Atg8 yeast cells heterologously expressing human LRRK2-
GCK in its wild type form (GCK-WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to
cells expressing LacZ or the empty vector. (A) Flow cytometric quantification of PI stained cells as a signifier of cell
death on day 3. Mean + S.E.M., , n = 4, *** = P < 0.001, n.s. = not significant. (B) Immunoblot analysis of GFP-
Atg8 and free GFP as a measure of autophagic flux 24 hours and 48 hours into the ageing. GAPDH was detected as
a loading control.
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We analysed the autophagic flux in cells expressing the LRRK2 wild type and the four mutants
described above, and compared them to the controls throughout the chronological ageing. The
experiments were carried out at four chosen time points: 24 hours, 40 hours, 48 hours and 72
hours after induction of LRRK2 expression. Flow cytometry was used to confirm that LRRK2-

related cell death at 72 hours occurred as to be expected for this model (Figure 5A).

Fluorescence microscopy revealed an apparent block of autophagy on day 2 (Figure 7). On day
1 there was no observable difference between LRRK2 expressing cells and the control. At 40
hours however, collections of green fluorescent dots — presumably autophagosomes — started
to accumulate in LRRK2 expressing cells. This effect grew slightly more pronounced at 48
hours. At 72 hours after LRRK2 induction, increased cell death made it difficult to visually
evaluate the micrographs. Quantification analysis however revealed that the phenotypes of
LRRK2 and the control were restored in their similarity, albeit LRRK2 still had a significantly
increased count of cells harbouring two or more autophagosomes (Figure 6). Overall, the
quantification underscored the observed effect, with the vacuolar signal decreasing and
autophagosome accumulation rising for LRRK2 on day 2. There was no difference between the
LRRK2 wild type and any of the mutant alleles (Figure 7B) or the LacZ control and the empty
vector (data not shown). The block of autophagy could be confirmed via immunoblot in

cooperation with Andreas Aufschnaiter (Figure 5B).
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Figure 6: The influence of LRRK2 toxicity on autophagy analysed through the autophagosomal membrane protein
GFP-Atg8. Quantification of fluorescent micrographs of endogenously GFP-tagged Atg8 yeast cells heterologously
expressing human LRRK2 or the LacZ control. Micrographs were taken at 24, 40, 48 and 72 hours into the ageing.
Dead cells were excluded from analysis via PI staining. Mean * S.E.M., , n = 3-4, *** = P < 0.001, * = P < 0.05,
n.s. = not significant compared to the corresponding LacZ value. (A) Percentage of cells with fluorescent vacuoles.
(B) Percentage of cells featuring one autophagosome (1 aut.) or two or more autophagosomes (2+ aut).
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Figure 7: The influence of LRRK2 toxicity on autophagy visualised through the autophagosomal membrane protein
GFP-Atg8. Differential interference contrast (DIC) and fluorescent microscope analysis of PI stained, endogenously
GFP-tagged Atg8 yeast cells heterologously expressing human LRRK2. Scale bar represents 5 um. (A) LRRK2-GCK
in its wild type form (GCK-WT) compared to cells expressing LacZ. Representative micrographs were taken at 24,
40, 48 and 72 hours after induction of LRRK2-GCK expression. (B) Micrographs show cells carrying LRRK2 mutants
(R1398L, K1347A, G2019S, TripKN) at 48 hours.
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4.2 Induction of Autophagy Via Rapamycin Reduces LRRK2 Toxicity

As shown above, the expression of LRRK2 in yeast leads to increased cell death, correlating
with a block of autophagy. Considering this, a new question was posed: Could an upregulation
of autophagy reduce the LRRK2-associated cell death? We explored this using several
autophagy-inducing substances: Spermidine, calcium and rapamycin. To analyse the effect of
these agents on our model, we compared the viability of cells expressing the GCK-WT fragment

to the controls throughout 7 day ageings.

4.2.1 Exposure to Spermidine Does Not Reduce Cell Death Caused by
LRRK2

Spermidine has been shown to induce autophagy in several model organisms, including

yeast™!

. This is thought to be due to the inhibition of histone acetyl transferases by spermidine,
leading to a reduced acetylation of histone H3. The epigenetic changes caused by this then

result in an increased expression of autophagy-related genes.

The viability of both, LRRK2-expressing cells and the LacZ control was decreased when exposed
to 4 mM spermidine (Figure 8A). Notably, oxidative cell stress was significantly increased for

all cells under spermidine treatment (Figure 8B).
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Figure 8: Spermidine does not reduce LRRK2 toxicity. Yeast cells heterologously expressing human LRRK2-GCK in
its wild type form (GCK-WT) or expressing the LacZ control were exposed to 4 mM spermidine (Spd) and compared
to a control set (Ctrl) without spermidine. Mean + S.E.M., *** = P < 0.001, n = 4. (A) Flow cytometric
quantification of PI stained cells as a signifier of cell death over 7 days. (B) Flow cytometric quantification of DHE
stained cells as a signifier of oxidative cell stress over 7 days.
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4.2.2 Exposure to Calcium Does Not Reduce Cell Death Caused by
LRRK2

Calcium's influence on autophagy regulation is well established, although the exact
mechanisms involved are as of yet unclear'®®. Calcium homeostasis has also been shown to
have an important impact on the toxicity of aSyn'?. Experimental data from our group have
already shown that the administration of calcium induces autophagy and alleviates aSyn

toxicity in yeast (Habernig et al., unpublished).

In our LRRK2 model, neither of the tested calcium concentrations (2 mM and 25 mM) led to a
decrease of LRRK2-related cell death (Figure 9A). Additionally, there was no significant

difference in oxidative cell death between cells exposed to calcium and the control (Figure 9B).
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Figure 9: Calcium does not reduce LRRK2 toxicity. Yeast cells heterologously expressing human LRRK2-GCK in its
wild type form (GCK-WT) or expressing the LacZ control were exposed to 2 mM or 25 mM calcium (Ca2+) and
compared to a control set (Ctrl) with no added calcium. Mean + S.E.M., n = 4, n.s. = not significant compared to
the relating control value. (A) Flow cytometric quantification of PI stained cells as a signifier of cell death over 7
days. (B) Flow cytometric quantification of DHE stained cells as a signifier of oxidative cell stress over 7 days.

4.2.3 Exposure to Rapamycin Reduces Cell Death Caused by LRRK2

As suggested by its name, rapamycin's interaction partner within the cell is the Target Of
Rapamycin (TOR) kinase. TOR is a primary integrator of nutrient-derived signals in eukaryotic

129,131

cells and represses autophagy when nutrients are available'*. Rapamycin inhibits TOR

activity, which results in an upregulation of autophagy.
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Figure 10: Rapamycin reduces LRRK2 toxicity. Yeast cells heterologously expressing human LRRK2-GCK in its wild
type form (GCK-WT) or expressing the LacZ control were exposed rapamycin (Rap) and compared to a control set
(Ctrl) exposed to the corresponding amount of DMSO. Flow cytometric quantification of PI stained cells as a signifier
of cell death. Mean + S.E.M., n = 4, *** = P < 0.001, ** = P < 0.01, n.s. = not significant compared to the relating
control value. (A) Flow cytometric quantification of cells exposed to 10, 20, 40, 60, 80, 100, 120 and 140 nM
rapamycin on day 5 to determine optimal concentration. (B) Flow cytometric quantification of cells eposed to 60
nM rapamycin over 7 days. (C) Difference in viability between LacZ expressing cells and LRRK2 expressing cells
exposed to rapamycin (60 nM Rap) compared to viability difference between the LacZ expressing cells and LRRK2
expressing cells exposed to DMSO (Ctrl); data taken from (B).

4.2.3.1 Determination of Optimal Rapamycin Concentration

As preliminary results using 6 nM rapamycin showed a small but promising effect, we first set
out to the determine the optimal rapamycin concentration to work with. To this end the viablity
of cells exposed to 10, 20, 40, 60, 80, 100, 120 and 140 nM rapamycin were compared (Figure
10A). While viability rose with concentration at the lower end, this effect was not present for
concentrations higher than 60 nM. Additionally, standard deviations were increased at
concentrations higher than 80 nM. A concentration of 60 nM rapamycin was chosen as optimal
for further ageings (for a timeline of cell viability under treatment with 60 nM rapamycin
throughout the ageing, consult Figure 10B). It is important to note that rapamycin did not
merely decrease cell death for all cells, but lessened LRRK2 toxicity in particular. The difference
between LacZ expressing cells treated with rapamycin and the control was significantly higher

than the difference for LRRK2 expressing cells (Figure 10C).
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4.2.3.2 Rapamycin Increases Clonogenic Survival of Cells Expressing LRRK2

To determine how rapamycin affects proliferation in our model, we performed a clonogenic
survival assay. Survival was markedly increased for cells exposed to rapamycin (Figure 11).
Furthermore, while the difference in survival between LacZ and LRRK2 expressing cells of the
control remained substantial, there was no significant difference in survival between LacZ and

LRRK2 expressing cells under treatment with rapamycin.
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Figure 11: Rapamycin increaes the clonogenic survival of cells expressing LRRK2. Yeast cells heterologously
expressing human LRRK2-GCK in its wild type form (GCK-WT), expressing the LacZ control or harbouring the empty
vector under exposure to 60 nM rapamycin compared to a DMSO control over a period of 4 days. LacZ and GCK-
WT exposed to Rapamycin never differed significantly from each other. Mean + S.E.M., n = 4-8, *** = P < 0.001,
** = P < 0.01, * = P < 0.05, n.s. = not significant compared to the relating control value.

4.2.3.3 Rapamycin Does Not Delay Cell Growth in Our Model

Rapamycin has been shown to slow down cell growth'?. If this effect was significantly in play
for our setup, it would compromise the comparability with the control set. To ensure that this
was not the case for our chosen concentration, we analysed cell count and cell size during the
exponential growth phase, 16 hours into the ageing. Neither cell count nor size differed

significantly between cells treated with rapamycin and the control (Figure 12A and B).
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4.2.3.4 Rapamycin Does Not Change The Level of LRRK2 Expression

To test whether the rescuing effects of rapamycin were a result of a reduced LRRK2 expression,

we performed immunoblot analysis. There was no significant difference for expression levels

of either LRRK2 or the LacZ control under exposure to rapamycin (Figure 12C and D).
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Figure 12: Rapamycin does not delay cell growth or affect LRRK2 expression levels in our model. Yeast cells
heterologously expressing human LRRK2-GCK in its wild type form (GCK-WT), expressing the LacZ control or
harbouring the empty vector under exposure to 60 nM rapamycin compared to a control without rapamycin. Cell
size (A) and cell count (B) were measured using a CASY cell counter system 16 hours into the ageing. Mean +
S.E.M., n = 8, n.s. = not significant. (C) Immunoblot of LRRK2 and LacZ expression. The blot was probed with
antibodies directed against the V5 epitope to detect the V5-tagged LacZ and LRRK2-GCK and against GAPDH as a
loading control. (D) Quantification of expression levels with data obtained from (C). Mean = S.EM., n = 4, n.s. =

not significant.
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4.2.3.5 Calcium Treatment Does Not Affect Alleviation of Cell Death by

Rapamycin

We exposed cells to a combined treatment with rapamycin and calcium, to investigate whether
we could further reduce cell death in this manner. There was no synergistic effect — the viability

of cells under rapamycin treatment remained the same whether or not calcium was added

(Figure 13).
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Figure 13: Calcium treatment does not affect the alleviation of cell death by rapamycin. Yeast cells heterologously
expressing human LRRK2-GCK in its wild type form (GCK-WT) or LacZ under exposure to 60 nM rapamycin (Rap)
compared to a combined treatment of 60 nM rapamycin and 2 mM Calcium (Ca2+) and to a DMSO control. Flow
cytometric quantification of PI stained cells as a signifier of cell death over 7 days. Mean = S.EM., n = 4, *** = P
< 0.001, n.s. = not significant.
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4.3 LRRK2 Has No Effect on Cell Acidity

Maintenance of pH homeostasis within the cell and its different compartments is crucial to
biological function. Many processes, including autophagy, require proper cellular pH
maintenance — for example, compromising vacuolar acidification allows for the initial steps of
autophagy to proceed but inhibits fusion of the autophagosome with the vacuole, leading to an

accumulation of autophagosomes'?’.

143 To examine

Our group has previously shown that aSyn causes cytosolic acidification in yeast
whether a change in cellular pH could be involved in LRRK2 toxicity as well, we analysed our
ageing model for changes in cellular pH. Cells were stained with quinacrine — a fluorescent dye
that accumulates in acidic cellular compartments — and analysed via fluorescence microscopy.
This was done on day 1 of the ageing, when effects should already be observable but the
naturally occurring age-related yeast acidification is not yet too prominent to render analysis
impossible. Micrographs showed no visual difference between the controls and cells expressing
any of the LRRK2 variants (Figure 15A). To confirm this, cells with acidic cytosol were counted
for cells expressing the GCK wild type and the controls. There was no significant difference in

cytosolic acidification (Figure 15B). LRRK2-related cell death on day 3 was confirmed via flow

cytometry (Figure 14).
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Figure 14: LRRK2 induced cell death occurs on day 3 of the ageing. Flow cytometric quantification of PI stained
cells as a signifier of cell death for yeast heterologously expressing human LRRK2-GCK in its wild type form (GCK-
WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to cells expressing LacZ or
harbouring the empty vector. Mean + S.E.M., , n = 4, *** = P < 0.001, n.s. = not significant.
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Figure 15: LRRK2 toxicity does not affect cell acidity. (A) Differential interference contrast (DIC) and fluorescent
microscopy analysis of yeast cells heterologously expressing human LRRK2-GCK in its wild type form (GCK-WT)
and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to cells expressing LacZ or harbouring
the empty vector. Cells were stained with quinacrine to visualise acidic cell organelles and PI to account for cell
death. Micrographs were taken at 24 hours after induction of LRRK2 expression. Scale bar represents 5 um. (B)
Quantification of cells with acidic cytosol counted using micrographs taken in (A), comparing cells expressing
LRRK2-GCK wild type to the LacZ and empty vector controls. Mean + S.E.M., n = 198, n.s. = not significant.



4.4 Pep4 Overexpression Reduces LRRK2 Toxicity

Pep4 is an important vacuolar aspartyl protease. Its lysosomal mammalian orthologue
cathepsin D (CatD) has already been implicated in the degradation of aSyn'**. Accordingly, an

overexpression of CatD seems to prevent aSyn-induced degeneration in several model

155

organisms . Our group has shown that Pep4 overexpression reduces cell death caused by aSyn

in yeast as well'*.
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Figure 16: Pep4 overexpression reduces LRRK2 toxicity. Yeast cells heterologously expressing human LRRK2-GCK
in its wild type form (GCK-WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to cells
expressing LacZ or the empty vector. The viability of cells overexpressing Pep4 compared to cells harbouring empty
pESC-HIS, the vector used for Pep4 expression. (A) Flow cytometric quantification of PI stained cells as a signifier
of cell death on day 3. Mean £ S.E.M., ,n = 4, ** = P < 0.01, * = P < 0.05, n.s. = not significant. (B) Immunoblot
expression control. The blot was probed with antibodies directed against the V5 epitope to detect the V5-tagged
LacZ and LRRK2, against FLAG epitope to detect the FLAG-tagged Pep4 and against GAPDH as a loading control.
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We investigated whether overexpression of Pep4 could exert a similar cytoprotective influence
on LRRK2-related death in our yeast model. High levels of Pep4 significantly reduced cell death
for the LRRK2 wild type and all mutants — except for G2019S — and raised their viability to a
level that was comparable to that of the control (Figure 16A). There was no significant change
in viability for the controls. Notably, the viability of cells overexpressing Pep4 and expressing
GCK wild type and the R1389L, K1347A and TripKN was not significantly different to the
viability of the control without Pep4 overexpression. This suggests that Pep4 overexpression
was able to fully rescue LRRK2 toxicity. Pep4 expression was confirmed via immunoblot (Figure

16B).

40



4.5 Levels of Cellular Pep4 Are Unaltered by LRRK2 Expression

Having established that Pep4 overexpression alleviates LRRK2-induced cell death in our model
(see above), we considered that cellular Pep4 levels might be impaired by LRRK2. A recent
study in mice has shown that there is a deficit in trafficking of the Pep4 homologue CatD to the
late endosome in neurons overexpressing aSyn'>®. This leads to reduced levels of CatD in the
lysosome and an impairment of aSyn degradation. Similarly, our group has shown a

mislocalisation of Pep4 and its sorting receptor upon aSyn overexpression in yeast'®.

To explore whether there is a defect in Pep4 trafficking in our LRRK2 model, we analysed the
cellular levels of Pep4 by immunoblotting using endogenously HA-tagged Pep4. Pep4 levels
were not affected by expression of LRRK2 and its mutants throughout the ageing (Figure 17),

suggesting that Pep4 trafficking is not impaired in our model.
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Figure 17: Vacuolar Pep4 levels are not affected by LRRK2 toxicity. Analysis of protein extracts from endogenously
HA-tagged Pep4 harbouring yeast cells heterologously expressing human LRRK2-GCK in its wild type form (GCK-
WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) compared to cells expressing LacZ. (A)
Representative immunoblot. The blot was probed with antibodies directed against the HA epitope to detect the HA-
tagged Pep4 and against GAPDH as a loading control. (B) Quantitative comparison of the detected Pep4 levels using
data obtained from immunoblots in (A). Mean * S.E.M., n = 4, n.s. = not significant.
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4.6 Co-expression of LRRK2 and aSyn®" Shows No Co-toxicity

Evidence from several studies suggests that LRRK2 interferes with autophagic processes®''°,

but it is still unknown how this interference occurs. Similarly, aSyn has been implicated in
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obstructing autophagy’. As both of these proteins are involved in blocking the same pathway,

it has been proposed that their function may be interconnected — potentially by phosphorylation
of aSyn via the LRRK2 kinase — although this has yet to be shown'®. To investigate any
interaction or co-toxicity between the proteins, it would be beneficial to establish a co-
expression model. Our group has already previously investigated aSyn within a well-
established model of heterologous expression in yeast'**1%%1%161 However, this model would
be insufficient for the exploration of co-toxicity as aSyn would lead to excessive cell death

before the onset of LRRK2 toxicity. We therefore decided to co-express the less toxic

EGFP 162,160 EGFP

aSyn within our LRRK2 model. The expression of aSyn was confirmed via

immunoblotting (Figure 20A) and fluorescence microscopy (Figure 19). The micrographs

showed that aSyn““** formed aggregates as has been described previously'®?; this aggregation

>

could be verified by immunoblotting under native conditions (Figure 20B). There was no

EGFP

significant difference between aSyn**"" aggregation in the presence of LRRK2 and the controls

(Figure 18).
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Figure 18: LRRK2 co-expression did not lead to a significant difference in aSyn"*"" aggregation. Quantification of
aSyn"™ aggregates in yeast cells heterologously expressing human LRRK2-GCK in its wild type form (GCK-WT),
expressing the LacZ control or harbouring the empty vector using micrographs shown in (19). Mean £ S.EM., n =
6-8, n.s. = not significant.
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Figure 19: LRRK2 toxicity has no influence on aSyn"** aggregation. Differential interference contrast (DIC) and

fluorescent microscope analysis of PI stained yeast cells heterologously expressing human LRRK2. Cells were either
expressing aSyn"“*" or free GFP via the corresponding pUG23 vector control. LRRK2-GCK in its wild type form (GCK-
WT) compared to cells expressing LacZ. Scale bar represents 5 um. Representative micrographs were taken at 24,
40, 48 and 72 hours after induction of LRRK2-GCK expression.
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Figure 20: aSyn"" was expressed and formed aggregates. Immunoblot analysis of protein extracts from cells co-
expressing aSyn"“"" and LRRK2-GCK in its wild type form (GCK-WT) and several mutant alleles (R1398L, K1347A,
G2019S, TripKN) or the LacZ control, or harbouring the corresponding empty vector controls (pUG23 for aSyn"“™,
PYES2/CT for LRRK2 and LacZ). (A) Expression control. Blot was probed with antibodies directed against the V5
epitope to detect LRRK2 and LacZ, GFP to detect aSyn"“"* and GAPDH as a loading control. (B) aSyn"*"* aggregates

blotted under native conditions. Blots were probed with antibodies directed against the FLAG epitope to detect
aSyn"*” and GAPDH as a loading control.
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As for cell death, co-expression of aSyn"*®

appears to have no significant effect on LRRK2
toxicity. The only significant impact was observed for the R1398L mutant on day 3, when
LRRK2 toxicity typically becomes apparent; however, this difference was absent at day 4

(Figure 21).
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Figure 21: Co-expression of aSyn®“** has no significant effect on LRRK2 toxicity. Yeast cells co-expressing aSyn®*

and LRRK2-GCK in its wild type form (GCK-WT) and several mutant alleles (R1398L, K1347A, G2019S, TripKN) or
the LacZ control, or harbouring the corresponding empty vector controls (pUG23 for aSyn"*®*, pYES2/CT for LRRK2
and LacZ) were analysed. Flow cytometric quantification of PI stained cells as a signifier of cell death on day 3 (A)
and day 4 (B). Mean + S.E.M., , n = 3-4, *** = P < 0.001, n.s. = not significant compared to the corresponding
pUG23 empty control value.
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5. Discussion

LRRK2 mutants are an important factor in the pathology of familial PD. In spite of this, their
molecular workings remain uncertain. The aim of this study was to investigate the mechanism
by which LRRK2 and its mutated forms affect autophagy in yeast and look at a possible
interaction between LRRK2 and aSyn. We confirmed an impairment of autophagy by LRRK2
shown in other model systems in our aging yeast model and showed that pharmacological
autophagy induction via rapamycin reduces LRRK2 toxicity. The autophagy block was not
caused by changes in vacuolar acidification. Overexpression of the vacuolar protease Pep4
proved protective against LRRK2-induced cell death, while cellular protein levels of Pep4 were
shown to be unaffected by LRRK2. We successfully co-expressed aSyn, but observed no co-

toxicity with LRRK2 in our model.

5.1 How Does LRRK2 Affect Autophagy?

Molecular and physiological changes leading up to PD likely happen long before symptoms are
recognisable. Research into the details of these mechanisms and the discovery of drug targets

is therefore crucial to disease prevention.

While the link between LRRK2 and autophagy is widely recognised, studies of this connection
have led to contradictory results (see above). Notably, the G2019S mutant decreased
autophagy in iPSC-derived human dopaminergic neurons® — which analyse human physiology
and are therefore arguably the closest model next to actual patients. We confirmed an
impairment of autophagy by LRRK2 in our model via GFP-Atg8 assay. The LRRK2 mutations
had no apparent effect on the autophagy block, suggesting that it is caused by neither
enzymatic activity, or only needs one of the two enzymatic domains to be functional. For the
G2019S mutation this is conform with a study in mammalian cells, where the LRRK2 wild type

and mutation led to the same degree of autophagosome accumulation®.

Although GFP-tagged Atg8 is a well established tool for monitoring autophagy, it is not
sufficient to completely confirm an autophagy block. For one, it measures flux of an autophagic
carrier which does not necessarily equal cargo flux'®. Another issue is that while
autophagosomes can be observed and counted on micrographs, there is no guarantee that this
quantification is accurate; it is possible that not all autophagosomes are visible or artefacts may
be counted. The GFP-tag itself may also influence the system, so it is important to verify results

with methods that do not require this tag. Further techniques that might be employed are
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enzymatic assays such as the Pho8A60 assay, which allows for easier quantification and the use

of electron microscopy to observe autophagosome accumulation.

Next, we set out to investigate what factors are impairing autophagy in this context. Cytosolic
and vacuolar pH homeostasis are crucial to many cellular processes including autophagy.
Impaired vacuolar acidification allows for the initial steps of autophagy to proceed but inhibits
fusion of the autophagosome with the vacuole, leading to an accumulation of
autophagosomes'?” — similar to the phenotype we have observed under LRRK2 toxicity. In
addition, our group has previously shown that aSyn causes problems with pH homeostasis in

143 However, we observed no pH changes in relation to LRRK2. This makes it less likely

yeast
that LRRK2 leads to a shift in acidification, but has to be confirmed by additional methods to
account for limitations inherent to our technique. The rising cellular acidification in ageing
yeast renders evaluation with quinacrine staining under the fluorescent microscope impossible
at later time points due to strong background fluorescence. While aSyn-related acidification

occurs early enough to avoid this difficulty'*

, the same is not guaranteed for LRRK2, which
has toxic effects at a much later point in the ageing. Confirmation using a different pH indicator
might offer more conclusive information. Additionally, verification in higher organisms is

required, as there are differences in pH regulation compared to yeast'®.

Another key player in autophagy are vacuolar proteases which degrade the cargo. Pep4 is not
only an important vacuolar protease but its lysosomal mammalian orthologue CatD has also

been implicated in the degradation of aSyn'>*

. Accordingly, an overexpression of CatD seems
to act neuroprotectively against aSyn-induced degeneration in several model organisms'>>. Our
group has shown that Pep4 overexpression reduces cell death caused by aSyn in yeast as
well'®. The same proved true for LRRK2 toxicity. Pep4 overexpression improved cell viability
to such an extent that it was lifted to a level on par with the control. Notably, cell death of the
G2019S mutant was not improved. This could indicate that increased LRRK2 kinase activity
counteracts the beneficial effects of increased Pep4 protein levels. However, the data are
preliminary and further repeat experiments may show this to be an artefact. Additionally, it
should be remarked that protection against aSyn toxicity via Pep4 overexpression has been
shown to work independently of autophagy'* and general lifespan extension of yeast cells by

Pep4 overexpression is not mediated by autophagy'®. It is unclear whether the same is true for

LRRK2.

A recent study in mice has shown that there is a deficit in trafficking of CatD to the late
endosome in neurons overexpressing aSyn'*°. This leads to reduced protein levels of CatD in

the lysosome and an impairment of aSyn degradation. Similarly, our group has shown a
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mislocalisation of Pep4 and its sorting receptor upon aSyn overexpression in yeast'*. Notably,

1156

CatD levels are reduced in post-mortem brain samples of PD patients as well*>® and it has been

proposed that the detection of lysosomal proteins could function as a marker for lysosomal

f16*. However, in our LRRK2 model,

dysfunction in PD and perhaps as a biomarker for PD itsel
Pep4 levels were not decreased, suggesting that Pep4 trafficking was not impaired. This does
not mean that Pep4 is not involved in LRRK2 toxicity — Pep4 activity could be affected as well
and should be addressed in future experiments. This is of particular interest as a decrease in

CatD activity in response to aSyn expression has been reported’*®.

5.2 Induction of Autophagy: Rapamycin As a Possible Treatment For
Parkinson's Disease?

We introduced three drugs into our model system to stimulate autophagy in an attempt to
alleviate LRRK2 toxicity: Calcium, spermidine and rapamycin. Calcium and spermidine were
unable to rescue LRRK2 toxicity. Although the fact that calcium signalling has an impact on
autophagy is well established, the details of this connection are uncertain'®®; some studies

165166167 while others describe inhibition'®®. It is possible that

report autophagy activation
calcium stimulates (or inhibits) autophagy in ways that do not counteract the influence of
LRRK2. That spermidine led to cell death in our model is likely to be an artefact, as it is widely

accepted that spermidine has a positive effect on yeast viability'>"®,

On the other hand, rapamycin did prove protective against LRRK2 toxicity. It increased viability
and survival, without affecting LRRK2 expression levels. Quantification of cell count and size
showed that rapamycin did not affect cell proliferation, only cell death. This observation is
especially of interest as rapamycin is already clinically approved for human treatment. It finds
use in a diverse set of areas, including as an immunosuppressant to prevent the rejection of
organ transplants, in cancer treatment to inhibit tumour proliferation and in cardiovascular
disease'’®. Autophagy modulation has been suggested as a treatment for several
neurodegenerative diseases. Rapamycin itself has been shown to act neuroprotectively in
several models of neurodegenerative diseases including Alzheimer's disease, Huntington's
disease and spinocerebellar ataxia type 3'”'. Furthermore, it decreases dopaminergic cell death
in cell culture and mouse models of PD'*'7_ Induction of autophagy by various substances has

11743175,176

been shown to reduce aSyn toxicity in several model of PD as wel , marking it an

increasingly promising approach for therapeutic intervention.
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Nonetheless, the the precise nature of autophagic defects needs to be defined in order to
properly target treatment. If there is no dysfunction in the formation of autophagosomes, but
rather a block in autophagic flux such as we have observed, further activation of autophagy
could lead to detrimental effects. However, in this regard it is notable that in post-mortem
brain samples from PD patients, where autophagosomes were shown to accumulate in a similar
manner'’>'”7,  rapamycin restored the impaired lysosome-mediated clearance of
autophagosomes'”. This is likely because rapamycin also leads to increased lysosomal
biogenesis and thus provides more functional lysosomes that can potentially fuse with
autophagosomes, as was shown in a PD mouse model'”?. Lastly, even if rapamycin proves to be
an effective treatment or preventive tool for PD several hurdles have to be overcome. For

example, it has to be defined at what stage of the disease it should be administered and what

side effects might arise from long-term administration.

5.3 LRRK2 and a-Synuclein: Colluding Players in the Pathology of Parkinson's

Disease?

Not only LRKK2, but also aSyn has been implicated in impairment of autophagy'”’. As both
proteins are involved in obstructing the same pathway, it has been proposed that their function
may be interconnected®. Furthermore, both proteins have been linked to microtubule

dynamics and axonal transport'®

. It has been proposed that the LRRK2 kinase may
phosphorylate aSyn, but this has yet to be conclusively shown and it has also been suggested
that LRRK2 may instead work upstream of aSyn'®®. Thus, there is a need for clarification
through further models that study the interplay between LRRK2 and aSyn. Yeast offers the
possibility to study this interaction without influence from other mammalian proteins that the
players may interact with physiologically. This makes it an attractive model for investigation,
although it necessitates future replication in higher organisms to confirm the relevance of the

results.

We successfully co-expressed aSyn"**

and LRRK2 and observed aSyn aggregates as previously
described'®*'®; although it is unclear whether the detected aggregates solely consisted of aSyn
oligomers or also contained additional proteins interacting with aSyn. However, LRRK2
appeared to have neither positive nor negative effect on aSyn aggregation. It is possible that
this occurs because the EGFP-tag obstructs the interaction between the proteins or other aSyn
interactions within the cell. We chose EGFP-tagged aSyn because its lessened toxicity makes it

possible to study colonies on day 3, when LRRK2 toxicity is first observed, but this decrease in
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toxicity also suggests that aSyn"“*

operates differently than aSyn. We therefore can make no
conclusive statement about a potential link between LRRK2 and aSyn. A different model needs

to be developed to study this interaction.
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6. Abbreviations

APS
BSA

C. elegans
CAPS
CatD
ddH20
DHE
DIC
DMSO
E. coli
EDTA
EGFP
FACS
GAPDH
GFP
HCl
HEPES
iPSC
K,HPO,
KH,PO,
Lacz
LB
LRRK2
mL

mM

ammoniumperoxo-disulphate

bovine serum albumin

Caenorhabditis elegans
N-cyclohexyl-3-aminopropanesulfonic acid
cathepsin D

double destilled water

dihydroethidium

differential interference contrast

dimethyl sulfoxide

Escherichia coli

ethylenediaminetetraacetic acid

enhanced green fluorescent protein
fluorescence activated cell sorting
glyceraldehyd-3-phosphate dehydrogenase
green fluorescent protein

hydrochloric acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
induced pluripotent stem cells
dipotassium hydrogenphosphate
potassium dihydrogen phosphate
B-galactosidase

lysogeny broth

Leucine-rich repeat kinase 2

millilitre

millimolar
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NacCl

NaOH

nM

OD

ONC

PAS

PD

PE

PI

rpm

S. cerevisiae

S.E.M.

SDS

SMD

SMG

SNc

TEMED

TOR

TORC1

TORC2

Tris

natriumchlorid

sodium hydroxide

nanomolar

optical density

over night culture

phagophore assembly site
Parkinson's disease
phosphatidylethanolamine
propidium iodide

revolutions per minute
Saccharomyces cerevisiae
standard error of the mea
sodium dodecyl sulfate
synthetic minimal dextrose
synthetic minimal galactose
substantia nigra pars compacta
N,N,N’,N’-tetramethylethylendiamin
target of rapamycin

TOR complex 1

TOR complex 2
tris(hydroxymethyl)aminomethane
yeast nitrogen base

yeast peptone dextrose
a-synuclein

microlitre

micrometre
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