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Summary

Summary

Neurodegenerative diseases pose immense hardship for affected individuals and are
becoming an increasing burden for the communal health system in ageing societies. Many of
these diseases share protein misfolding and aggregation as a common hallmark contributing
to toxicity. Intriguingly, while the disease-associated proteins are typically ubiquitously
expressed throughout the nervous system and beyond, their aggregation often initiates only
in a specific subset of neurons, characteristic for individual disorders, a phenomenon known
as selective vulnerability. Cells are equipped with a versatile toolbox of cellular factors and
stress-inducible transcription programs to ensure the integrity of the proteome and
counteract aberrant protein misfolding and aggregation. Despite the existence of these
defense mechanisms, many disease-associated protein aggregates avoid recognition by the

guality control machinery and do not lead to robust induction of beneficial stress responses.

In Huntington’s disease, the protein Huntingtin is found in aggregate inclusions in
neurons of the brain. Aggregation of Huntingtin is driven by a heritable expansion of a poly
glutamine (polyQ) stretch within the first exon of the protein. In this work, we use an
expanded polyQ model protein on the basis of Huntingtin exon 1 to investigate disease-
associated aggregation processes in the yeast S. cerevisige. Just as in the mammalian system,
polyQ aggregates fail to effectively induce the cytosolic heat stress response in yeast. We
demonstrate that elevated levels of the Hsp40 chaperone Sis1, an essential co-chaperone of
the Hsp70 Ssal, allow polyQ aggregates to activate a heat shock transcription factor (Hsf1)
dependent stress response. This stress response requires the interaction of Ssal with polyQ.
Sis1l leads to a change in polyQ aggregate morphology, forming cloud-like condensate
structures rather than dense inclusions, in turn allowing sequestration of Ssal and other
cellular factors to activate the stress response. We demonstrate that Sis1 acts in a similar
fashion to allow the recognition of heat-denatured protein aggregates, suggesting a more
general role for Sis1 in eliciting a stress response to protein aggregation. The mammalian Sis1
homolog DNAJB6 performs an analogous role in the mammalian system, indicating

conservation of this process.

In the second part of this work, we elucidate the role of the yeast prion protein Rngl

in the aggregation process of polyQ. Similar to the selective vulnerability observed for the
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aggregation of disease-associated proteins in the mammalian neuronal system, yeast also
show an influence of the cellular background on the aggregation of proteins. Using a novel
optogenetic approach, we identify Rnql prions as crucial interaction partners of soluble
polyQ, catalyzing its aggregation through cross-seeding. By-products of this templating are
soluble polyQ oligomers. We present evidence that these oligomers are not only responsible
for mediating a Sisl-dependent stress response, but also cause cell-toxic effects. Prion-free
yeast strains do not experience polyQ aggregation and are therefore spared from detrimental
biological consequences. A complementary in silico analysis of previously published data on
protein aggregation in higher organisms suggests a similar role for prion-like protein
aggregates in the manifestation of neurodegenerative diseases. Thus, our work not only
offers an intriguing synthesis of the previously postulated models of cross-seeding and
proteostatic decline in facilitating disease-relevant aggregation, but also presents a possible

explanation for the phenomenon of selective vulnerability.

In summary, work described in this thesis provides novel insight in the process of
disease-relevant protein aggregation and associated cellular responses. Based on our
findings, we offer suggestions for therapeutic strategies to combat neurodegeneration in the

future.
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Introduction

Protein folding, misfolding and aggregation

Proteins are of vital importance for all forms of life. Proteins are not only required as catalysts
to enable basic cellular functions such as respiration, but they also form essential building
blocks that sustain the structural integrity of every cell. Synthesized in the process of
translation as a linear chain of amino acids, most proteins need to adopt complex folding
topologies in order to be able to perform their cellular function (Dobson et al., 1998; Radford,
2000) (Figure 1). Early researchers postulated the ability of proteins to fold by themselves,
following a building plan intrinsic to each protein (Anfinsen, 1973). While this was an
appropriate estimation for many very small proteins, including the model proteins that were
used for these early in vitro folding studies, it could not adequately explain the complex
folding mechanisms large, multi-domain proteins have to undergo on their way to a functional
fold in the challenging crowded environment of a living cell (Ellis and Minton, 2006; Levinthal,

1968; 1969).

It was not until the 1980s that more evidence emerged, suggesting that a specific class
of helper proteins — termed chaperones — plays a role in preventing aggregation and perhaps
in the folding process itself (Ellis, 1987; Hartl, 1996; Pelham, 1986). It became clear later that
chaperones, as the historic origin of their name implies, accompany proteins from the time
they emerge as amino acid chains from the ribosome throughout their lifetime: they are
required to ensure the proper folding and maintenance of most of the cell’s proteome and
also contribute to eventual removal of proteins by degradation (Balchin et al., 2016; Hendrick
and Hartl, 1993; Kim et al., 2013; Saibil, 2013). Functions that chaperones fulfil along the way
are numerous and discussed in more detail in the following chapter. Problems during initial
protein synthesis or a lack or malfunction of chaperones can lead to misfolding of proteins
(Drummond and Wilke, 2008; Hipp et al., 2014; Tyedmers et al., 2010) (Figure 1). However,
even when proteins have acquired their proper three-dimensional structure, they are
metastable and their structural integrity is constantly challenged through multiple forms of
stress (Chen et al., 2011; Hartl, 2017; Tyedmers et al., 2010). These stresses, external (e.g.,
thermal stress, reactive oxygen species) or internal (e.g., mutations in the amino acid

sequence, decline in proteostasis capacity with age), can lead to the (partial) unfolding or
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Figure 1: Protein folding, aggregation and the proteostasis network. Most proteins are only functional with a proper
tertiary structure. Synthesized as linear chains of amino acids on the ribosome, proteins need to fold — via folding
intermediates — into their native, functional three-dimensional conformation. Stress can lead to the accumulation of
aberrant misfolded species that can associate into oligomers, amorphous aggregates, or large amyloid fibers.
Proteostasis factors assist nascent polypeptides on their way to their native structure and deal with misfolded proteins
and aggregates via refolding or degradation to minimize deleterious effects for the cell.

misfolding of a protein and a non-native folding conformation (Ben-Zvi et al., 2009; Chen et

al., 2011; Gandhi et al., 2019; Grune et al., 2004; Sahni et al., 2015).

Regardless of the time when protein misfolding occurs, it poses a significant risk not
only for the affected protein itself but for the cell as a whole. Due to the lack of their proper
tertiary structure, non-native proteins can lose the ability to perform their endogenous
function, show a non-physiological localization pattern or be degraded at a higher rate, all
leading to classical loss-of-function phenotypes as observed in diseases such as cystic fibrosis
or alpha-1 antitrypsin deficiency (Hartl, 2017; Valastyan and Lindquist, 2014). In addition,
misfolded, non-native proteins can expose regions that are usually buried deep within the
core of the protein. If these regions — often times highly interactive hydrophobic patches with
the propensity to form B-sheet structures — are exposed, they may interact with other cellular

factors and with other non-native proteins that expose regions with similar characteristics
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(Chiti, 2006; Dobson, 2004). These aberrant (non-functional) interactions of two or more

proteins eventually lead to the formation of protein aggregates (Fink, 1998; Roberts, 2007).

Protein aggregates can appear in different shapes, ranging from the assembly of only

very few misfolded proteins in the form of oligomers, to large amorphous inclusions and
fibrillar structures containing orders of magnitudes more misfolded protein molecules (Chiti
and Dobson, 2017). Fibrillar structures are typically the end point of disease aggregates. They
are present in the AB plaques of Alzheimer’s disease, in Tau tangles and in Huntingtin
inclusions. In these fibrils, referred to as amyloid or amyloid-like, the misfolded proteins are
organized in a highly ordered cross-B structure, with strands of continuous B-sheets arranged
perpendicular to the fiber axis (Figure 2). Such aggregates are thermodynamically extremely
stable, reflected in their (partial) resistance to denaturing detergents such as SDS (Chiti and
Dobson, 2006; 2017). Through their highly interactive nature, protein aggregates possess the
ability to attract and sequester other cellular factors, increasingly depleting the functional
proteome (gain-of-function) (Balch et al., 2008; Hartl, 2017; Valastyan and Lindquist, 2014).
For these reasons, protein aggregation is often times associated with toxicity, cell death and

disease, especially in the context of neurodegenerative disorders (Haass and Selkoe, 2007,

Ross and Poirier, 2004; Stefani and Dobson, 2003).

)

g

Figure 2: Examples of amyloid structures. (A) Atomic structure of amyloid fiber formed by the GNNQQNY peptide found in
the low complexity region of the yeast prion protein Sup35. Single GNNQQNY peptides form B-strands (depicted as arrows)
that are stacked onto each other via hydrogen bonds to form B-sheets. Two B-sheets (purple and yellow) are paired around
a central axis, forming a protofilament. Top view (top), side view (bottom). The fiber axis is indicated with a black arrow.
(B) High resolution structure of amyloid-beta (AB) fiber found in plaques in neurons of Alzheimer’s disease patients. The
superhelical axis of the protofilament is indicated with a black arrow. (C) Schematic representation of amyloid fiber used in

this study. (A) and (B) are adapted from Landreh et al., 2016.
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Proteostasis network

The integrity of the cellular proteome is constantly challenged. Starting from the process of
proper protein folding itself, proteins require constant surveillance to prevent or reverse
misfolding and aggregation, and to remove irreversibly misfolded species. A multitude of
cellular factors ensures the protein homeostasis or proteostasis (Balch et al., 2008). Members
of this proteostasis network include not only chaperones but also factors involved in post-
translational modification, trafficking, signaling and protein degradation (Powers and Balch,
2013; Powers et al., 2009). Proteins interact with these machineries throughout their lifetime.
Chaperones assist in the initial folding process of proteins with complex folding topologies
but can also help refold proteins once they have misfolded, even in the context of an
aggregate (Balchin et al., 2016; Hartl et al., 2011; Nillegoda et al., 2018). When proteins reach
the end of their lifetime or if refolding attempts of aggregated proteins have failed, proteins
involved in proteasomal degradation and autophagy clear these species to avoid further harm

(Arndt et al., 2007; Bett, 2016; Jackson and Hewitt, 2016).

The proteostasis network is dynamic: it can adapt to the environment and augment
its capacities in the face of stress or other challenges to proteome integrity (Jayaraj et al.,
2020; Klaips et al., 2018; Taylor et al., 2014). Pathways like the cytoplasmic heat stress
response (HSR) or the unfolded protein response in endoplasmic reticulum and mitochondria
(UPRER and UPR™ respectively) are temporarily activated upon protein conformation stress
and increase the expression of proteostasis components to counteract this insult (Anckar and
Sistonen, 2011; Shpilka and Haynes, 2018; Walter and Ron, 2011). For this reason chaperones
were historically called ‘heat shock proteins’ (HSPs), as many of them have been found to be
upregulated upon stress (e.g., heat stress) (Lindquist and Craig, 1988). However, when the
capacity of the proteostasis network is overly challenged, through an accumulation of stress
or naturally with increasing age of the organism, the integrity of the proteome is endangered,
ultimately resulting in the accumulation of misfolded proteins and protein aggregates that
cannot be dealt with efficiently (Douglas and Dillin, 2010; Hartl, 2016; Hipp et al., 2014;
Labbadia and Morimoto, 2015).
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Molecular chaperones

Chaperones are arguably the most prominent members of the proteostasis network. As their
name implies (Ellis, 1987), chaperones are guardians of a protein’s structural integrity and
proper folding but also participate in disaggregation and protein degradation. Among the
chaperone family, many different classes exist that are named according to the molecular
weight of their members (Balchin et al., 2016; Kim et al., 2013). In the following, a brief
overview of the most relevant chaperone classes showcases the enormous functional
diversity of these proteins and serves to illustrate how small perturbations in this intricate

system can lead to deleterious effects in disease.

Small heat shock proteins

Members of the small heat shock protein (smHsp) family have been found in all kingdoms of
life. While most archaea, bacteria and lower eukaryotes possess only one or two smHsps,
higher eukaryotes such as humans or Arabidopsis thaliana have a large number (10 and 19,
respectively) of more specialized smHsps (Haslbeck et al., 2005a). smHsps are characterized
by their relatively small size (12-43 kDa) and the presence of the characteristic, highly
conserved alpha-crystallin domain, usually found in the center of the protein (Haslbeck et al.,
2019). Flanking N- and C-terminal regions of smHsps are highly variable in sequence and
length and play important roles in substrate recognition and binding, organellar targeting and
modulation of oligomeric state (Haslbeck and Vierling, 2015; Haslbeck et al., 2019). smHsps
can exist as simple monomers or in oligomeric forms, with complexes of up to 40 subunits
having been observed, dependent on post-translational modifications and environmental
changes (Carra et al., 2017). This regulation of oligomeric state is key in modulating the

binding affinities of smHsps for their substrates (Ecroyd et al., 2007; Rajagopal et al., 2015).

smHsps represent the first line of defense of cells to maintain proteostasis upon
protein conformation stress (Haslbeck and Vierling, 2015). smHsps can recognize and bind to
misfolded proteins and in doing so prevent their irreversible aggregation (Haslbeck et al.,
2005a). In contrast to many other chaperones, however, smHsps do not possess ATPase
activity and are thus defined as ‘holdases’: They are able to bind to substrate proteins and

buffer aggregation but the ultimate fate of a substrate — refolding or degradation — is
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dependent on the activity of other chaperones (e.g., Hsp70 or Hsp100) (Haslbeck et al., 2005b;
Ungelenk et al., 2016). Through their inherent ability to form large oligomeric complexes,
smHsps can also act as ‘sequestrases’ driving the aggregation of bound near-native client
proteins into designated quality control compartments, thereby facilitating the post-stress
refolding or clearance of the client (Escusa-Toret et al., 2013; Specht et al., 2011; Ungelenk et

al., 2016).

In line with their important function in counteracting irreversible protein aggregation,
deregulation of smHsp expression has been implicated in a wide range of diseases (Haslbeck
et al., 2019; Sun and MacRae, 2005). Reduced levels of smHsps increase proteotoxic stress
and correlate with progression of neurological disorders, cancers, or multiple sclerosis, while
elevated smHsp levels can support tumorigenesis and protect malignant cells from
therapeutic intervention (Haslbeck et al., 2019). In addition, mutations in smHsps have been
shown to directly cause neuropathies, myopathies, and cataract formation (Irobi et al., 2004;

Kakkar et al., 2014; Litt et al., 1998; Vicart et al., 1998).

Hsp70s and their Hsp40 co-chaperones

Proteins of the Hsp70 family are ATP-dependent chaperones that bind to hydrophobic
sequence motifs exposed in client proteins (Riudiger et al., 1997). Through their reaction cycle
of substrate binding and release (Figure 3), Hsp70s participate in a multitude of different
cellular functions such as protein folding, refolding, disaggregation, trafficking, and
transcriptional control (Balchin et al., 2016; Kim et al., 2013). Hsp70s consist of an N-terminal
nucleotide binding domain (NBD) and a C-terminal substrate binding domain (SBD), which
recognizes hydrophobic sequences of 5 to 7 amino acids exposed in non-native protein clients

(Clerico et al., 2015; Mayer, 2013).

The Hsp70 family is one of the most ubiquitous classes of chaperones. Members show
a high degree of sequence and structural conservation, but evolution has led to the
diversification of the spectrum. While bacteria contain only a few Hsp70s (most prominently
DnakK), eukaryotes have developed a diverse range of Hsp70s (Ghazaei, 2017; Mayer, 2021).

In humans, a constitutive Hsp70 (HSPA8) is supported by a stress-inducible ortholog

24



Introduction

(HSPA1A), and organelle-specific members act in ER (HSPA5) and mitochondria (HSPA9)
(Ghazaei, 2017).

However, the real driver of Hsp70 multifunctionality is its co-chaperone Hsp40,
responsible for loading substrate onto Hsp70 (Kampinga and Craig, 2010). Hsp40s possess
substrate specificity, selectivity, and defined localization that most Hsp70s are lacking (Craig
et al., 2006; Kampinga and Craig, 2010). This is underlined by the fact that humans express
more than 40 different Hsp40s in contrast to only 13 Hsp70s (Kampinga and Craig, 2010; Qiu
et al., 2006; Radons, 2016). While all Hsp40s have the characteristic J-domain in common,
necessary for interaction with Hsp70, they share relatively little structural or sequence
similarity beyond, allowing for a wide range of different clients and specialized functions

(Cheetham and Caplan, 1998; Kampinga and Craig, 2010).

Native

NEF+ATP  ADP Folding

intermediate

Closed

substrate protein

Open

[ADP —u% ATP Hsp70
(/ Non-native

Open

E

Figure 3: The Hsp70 reaction cycle. When ATP is bound, Hsp70 is in its ‘open’ conformation with a high on- and off-rate
for substrate binding (low affinity). Non-native substrate proteins are recognized and bound by Hsp40 and delivered to
ATP-bound Hsp70. Upon substrate handover, Hsp40 stimulates the ATPase activity of Hsp70 leading to the hydrolysis of
ATP and the closure of the Hsp70 substrate binding domain. In the ADP-bound ‘closed’ state, the protein substrate is
tightly bound by Hsp70 (low on-rate, low off-rate). Binding of multiple Hsp70 molecules can cause local expansion of the
substrate protein. Replacement of ADP with ATP through the action of a nucleotide exchange factor (NEF) results in the
opening of the substrate binding domain and the release of the client protein, which can continue to fold, be transferred
to a downstream chaperone or enter another interaction cycle with Hsp70.
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The Hsp70/Hsp40 reaction cycle has been a field of intense investigation over the past
decades and significant insights have been gained about its mechanism (Figure 3) (Laufen et
al., 1999; Mayer, 2013; Mayer and Bukau, 2005; Rosenzweig et al., 2019). Briefly, Hsp40
identifies and binds substrate proteins and loads them onto Hsp70 in its ATP-bound, ‘open’
conformation, characterized by a high on- and off-rate for substrate. Interaction of the J-
domain of Hsp40 with Hsp70 not only facilitates this handover but also stimulates the ATPase
activity of Hsp70. Hydrolysis of ATP to ADP converts the SBD of Hsp70 to the ‘closed’
conformation in which the substrate is tightly bound and partially unfolded. Interaction with
a nucleotide exchange factor (NEF) and the replacement of ADP with ATP leads to the
subsequent release of the client protein from Hsp70. Once released, clients can either
continue their folding to a native, functional state or, if non-native interactions persist, be
rebound by Hsp70 for another reaction cycle and potential transfer to other downstream
chaperones (Hartl et al., 2011; Imamoglu et al., 2020; Langer et al., 1992; Sharma et al., 2008;
Sharma et al., 2010; Wegele et al., 2006).

With the exception of the recently reported association of inflammatory bowel
disease with a mutation in the human Hsp70 HSPA1L (Takahashi et al., 2017), no inherited
genetic disorder has been described for members of the Hsp70 chaperone family to date,
either due to functional redundancies or because disruptions of this central chaperone
system is inevitably lethal (Kakkar et al., 2014). However, altered Hsp70 levels have been
detected in many diseases such as cancer, diabetes, stroke, and atherosclerosis, making
Hsp70 a promising biomarker for medical diagnostics and preventative therapy (Garg et al.,
2018; Radons, 2016). In contrast, mutations in members of the Hsp40 chaperone class have
been demonstrated to cause, among others, motor neuropathy, muscular dystrophy, juvenile
parkinsonism and ataxia, due to defective client recognition, protein mistargeting or loss of

interaction with their Hsp70 partners (Kakkar et al., 2014).

The yeast Hsp40 Sis1

The yeast protein Sis1 is an essential member of the type Il family of Hsp40 chaperones
(Kampinga and Craig, 2010; Luke et al., 1991). It has been found to be enriched in the nucleus

while constantly shuttling between nucleus and cytoplasm (Luke et al., 1991; Park et al.,
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Figure 4: Domain architecture of Sis1. Sis1 consists of an N-terminal J-domain with a conserved HPD motif, important
for interaction with Hsp70 and stimulation of its ATPase activity, an unstructured glycine-rich region comprised of the
glycine/phenylalanine-rich (G/F) and the glycine/methionine-rich (G/M) domains, a C-terminal domain (CTD), involved
in substrate recognition and binding, as well as a very C-terminal dimerization domain (DD). Amino acid residues are
indicated above.

2013). Sis1 cooperates with the yeast Hsp70 Ssal in many distinct functions (Aron et al., 2005;
Kampinga and Craig, 2010; Qian et al., 2002). Sisl is not only involved in protein folding (Lu
and Cyr, 1998), but also in the clearance of cytosolic misfolded proteins most likely by
mediating their delivery to the nucleus for proteasomal degradation (Park et al., 2013;
Summers et al., 2013). In the context of neurodegeneration, Sis1 has been shown to interact
with and be sequestered by amyloid-like aggregates such as inclusions formed by extended
polyQ (Park et al., 2013). Importantly, Sis1 is involved in loading Hsfl on Ssal, thereby

contributing to a silencing of the cytosolic heat stress response (Feder et al., 2021).

As any other Hsp40, Sis1 contains an N-terminal J-domain, with its conserved His, Pro
and Asp tripeptide (HPD), important for interaction with and stimulation of the ATPase
activity of Hsp70 (Craig et al., 2006; Greene et al., 1998; Yan and Craig, 1999) (Figure 4).
Adjacent to the J-domain is a largely intrinsically disordered glycine-rich region, consisting of
a glycine- and phenylalanine-rich (G/F) and a glycine- and methionine-rich (G/M) domain.
While found in all type | and Il Hsp40s, the G/F region is especially critical for essential
functions of Sis1 (Yan and Craig, 1999). Furthermore, the high degree of structural flexibility
in the G/F and G/M domains is thought to be responsible for the substrate preference of Sisl
for similarly unstructured clients, as exemplified by the importance of these domains for prion
maintenance (Fan et al., 2004; Lopez et al., 2003; Sondheimer et al., 2001; Yan and Craig,
1999). The defining feature of type Il Hsp40s is the C-terminal domain (CTD) that —in contrast
to members of type | Hsp40s — lacks a characteristic zinc-finger domain (Kampinga and Craig,
2010; Wu et al., 2005). The CTD is involved in substrate binding and delivery to Hsp70s (Sha
et al., 2000). The dimerization domain (DD) at the very C-terminus of Sisl allows dimer

formation and thereby increases the affinity for substrates (Sha et al., 2000). Based on
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sequence, the closest human Sis1 homolog is DNAJB1, while the G/F domain of DNAJB6 has
an intrinsically disordered character, which closely resembles that of Sis1 (Kampinga and

Craig, 2010).

The Hsp60s

Hsp60s — also called chaperonins — are multimeric cylindrical protein complexes with ATPase
activity that allow folding to occur unimpaired by aggregation, while a substrate protein is
enclosed in a cage-like structure (Balchin et al., 2016; 2020; Hartl et al., 2011). Type |
chaperonins are present in prokaryotes and the matrix of mitochondria and chloroplasts while
type Il chaperonins are found in the cytoplasm of eukaryotes and archaea (Hayer-Hartl et al.,

2016; Lopez et al., 2015).

The most prominent type | chaperonin is bacterial GroEL, required for the folding of
about 10% of the proteome in E. coli, mostly proteins with complex fold topologies and
aggregation-prone folding intermediates exposing hydrophobic regions (Kerner et al., 2005;
Tartaglia et al., 2010). GroEL consists of two stacked heptameric rings of identical GroEL
subunits, forming a large ~800 kDa complex, harboring two separate, hollow chambers, each
large enough to accommodate a single substrate protein up to 60 kDa in size (Saibil et al.,
2013). The reaction cycle of GroEL has been a field of intense investigation for decades
(Figure 5). Initially, GroEL binds its non-native substrates via multivalent hydrophobic
interactions (Farr et al., 2000). Binding of ATP in combination with the heptameric co-factor
GroES, closes the GroEL cage and fully releases the substrate into the folding chamber (Cliff
et al., 2006; Saibil et al., 2013). Closure of the chamber is accompanied by large structural
rearrangements on its inside, switching its biophysical characteristics from hydrophobic to
hydrophilic (Hartl et al., 2011; Xu et al., 1997). Substrate proteins can now fold inside the
GroEL/ES chamber, shielded from aggregation, for the duration of ATP hydrolysis by GroEL, a
few seconds dependent on temperature (Gupta et al., 2014). Eventually, binding of GroES and
ATP to the opposite GroEL ring allosterically induces transient ring separation, dissociation of
ADP and GroES and release of the folded substrate protein (Yan et al., 2018). If folding is
incomplete orincorrect, substrates can rebind to GroEL and undergo multiple cycles of folding

(Sharma et al., 2008; Singh et al., 2020).
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Figure 5: The GroEL/ES reaction cycle. (1) A non-native substrate protein binds to an empty GroEL ring via multivalent
hydrophobic interactions. (2) Binding of GroES and ATP releases the substrate into and closes the GroEL folding chamber.
(3) The substrate protein is allowed to fold inside the folding chamber for the duration of ATP hydrolysis (approx. 2 s at
37 °C). (4) Binding of ATP and GroES to the opposite ring allosterically leads to the dissociation of ADP and GroES and releases
the native protein. (5) If folding is incomplete, the substrate can rebind to GroEL to undergo an additional round of folding.
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The general principle of protein folding described above for GroEL is similar in type Il
chaperonins such as the eukaryotic TRiC, but structural differences exist. Type |l chaperonins
consist of two rings of eight (rarely nine) paralogous subunits with distinct characteristics
(Balchin et al., 2016; Hartl et al., 2011; Lopez et al., 2015). In contrast to GroEL, TRiC does not
need a co-factor to close the folding chamber but can do so on its own via an iris-like
mechanism of structural subunit rearrangement (Douglas et al., 2011; Zhang et al., 2010).
Once a substrate is encapsulated, ATP cycling does not proceed simultaneously as in type |
chaperonins but sequentially. In conjunction with an asymmetric charge distribution inside
the folding chamber, this mechanism is critical in promoting folding (Balchin et al., 2018;
Rivenzon-Segal et al., 2005). TRiC supports the folding of about 10 % of the eukaryotic

proteome, including obligate substrates such as actin and tubulin (Yam et al., 2008).

Given their crucial role in assisting the folding of many clients, mutations in Hsp60s
come with deleterious effects and are implicated in disease. The neurodegenerative diseases
MitCHAP-60 and hereditary spastic paraplegia 13 are caused by mutations in the
mitochondrial Hsp60, a type | chaperonin, leading to reduced chaperonin activity, a
destabilization of the Hsp60 complex and its premature disassembly (Kakkar et al., 2014;

Macario et al.,, 2005). Similarly, mutations in CCT4 and CCT5, subunits of the cytosolic
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eukaryotic type Il chaperonin TRiC, have been identified to cause hereditary sensory
neuropathies (Grantham, 2020; Kakkar et al., 2014). Here, reduced activity of TRiC and a
failure to properly fold its obligate substrates actin and tubulin leads to cytoskeletal

instability, primarily affecting long axons in the limbs (Kakkar et al., 2014).

Hsp90s

ATP-dependent chaperones of the Hsp90 family are highly conserved from prokaryotes to
higher eukaryotes and, with the exception of archaea, can be found in organisms across all
kingdoms of life. In higher eukaryotes, Hsp90s are essential and present in almost every
cellular compartment, where they participate in the stabilization and folding of metastable
clients. Their substrates include — among others — transcription factors as well as signal-
transduction molecules like kinases and steroid hormone receptors (Balchin et al., 2016;

Taipale et al., 2010).

Hsp90 monomers are modular: they contain an N-terminal nucleotide binding domain
(NBD), a middle domain participating in substrate binding and ATP hydrolysis, and a C-
terminal dimerization domain (Schopf et al., 2017). The functional Hsp90 unit is a dimeric
complex (Ali et al., 2006; Wayne and Bolon, 2007). In its V-shaped ‘open’ conformation, the
Hsp90 dimer is available for substrate binding, most likely through hydrophobic interactions
with non-native but also near native client proteins (Shiau et al., 2006; Street et al., 2014).
Binding of ATP leads to large conformational changes and the closure of the Hsp90 dimer,
holding the substrate in a clamp-like fashion (Hessling et al., 2009; Mayer, 2010; Prodromou
et al., 2000). Contact of the NBDs of the two Hsp90 monomers and stimulating influences of
the middle domains lead to ATP hydrolysis and release of the substrate (Cunningham et al.,,
2008; Meyer et al.,, 2003). If and how Hsp90 binding and ATP hydrolysis induces

conformational changes within substrate proteins remains elusive.

More than any other chaperone family, the function of Hsp90 is modulated by co-
chaperones. These include HOP, Ahal or p23, which regulate substrate handover, ATP
hydrolysis or progression of the chaperone cycle (Li et al., 2012; Schopf et al., 2017). Given its
role in the maturation of clients such as transcription factors and steroid hormone receptors,

a role of Hsp90 in buffering destabilizing mutations during protein evolution has been
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highlighted (Lindquist, 2009; Rutherford and Lindquist, 1998). Similar to members of the
Hsp70 family, no genetically inherited diseases are associated with members of the Hsp90
class of chaperones (Kakkar et al., 2014). However, due to its involvement in stabilizing
kinases important for tumor development or disease-associated proteins such as a-synuclein
and tau, Hsp90 has been of interest as a potential therapeutic target in cancer therapy and
treatment of neurodegenerative diseases (Barrott and Haystead, 2013; Luo et al., 2010;

Schopf et al., 2017).

Hsp100s

In contrast to other chaperone families that promote de-novo protein folding and structural
maintenance of metastable clients, members of the Hspl00 family engage in protein
remodeling, unfolding, and disaggregation (Jayaraj et al., 2020; Saibil, 2013). Hsp100s are
AAA+ (ATPase associated with various cellular activities) protein complexes found in bacteria,

plants and fungi (Nillegoda et al., 2018).

Hsp104, the Hsp100 in fungi such as S. cerevisiae, is a prototypical member of this
chaperone family (Doyle et al., 2013; Parsell et al., 1994). Like most members of the AAA+
family of proteins, Hsp104 functions as a hexameric complex (Hanson and Whiteheart, 2005;
Lee et al., 2010). Each Hsp104 protomer consists of an N-terminal domain and two nucleotide-
binding domains (NBD1 & NBD2). Together, six Hsp104 monomers form a cylindrical complex
with three stacked hexameric rings: two large rings formed by each NBD and a smaller ring
on top formed by the N-terminal domains (Lee et al., 2010; Lee et al., 2003). The resulting
central channel is used to thread substrates in an ATP-dependent, ratchet-like manner,
leading to their unfolding (Gates et al., 2017; Glover and Tkach, 2001). Hsp104 is thus not only
able to completely unfold misfolded substrates but can also extract misfolded proteins from
large aggregates — even amyloids — and mediate disaggregation (DeSantis et al., 2012; Glover
and Lindquist, 1998; Shorter and Lindquist, 2004; Vashist et al., 2010). Once a substrate has
been unfolded by Hsp104, it might be able to refold to its native conformation or be sent for
degradation (Doyle et al., 2013). Hsp104 functionally cooperates with other chaperones,

especially the Hsp70/Hsp40 system (Glover and Lindquist, 1998; Mogk et al., 2015).
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Hsp104 also plays an essential role in the maintenance of yeast prions (see detailed
description below) as it allows the fragmentation of large prion amyloids into smaller seeds
that are then inherited by budding daughter cells (Chernoff et al., 1995; Kushnirov and Ter-
Avenesyan, 1998; Liebman and Chernoff, 2012). In bacteria, some Hsp100s can directly
interact with proteolytic enzymes to create a central hub for targeted protein unfolding and
subsequent degradation (Sauer and Baker, 2011). A designated functional Hsp100 ortholog
has not yet been identified in metazoa. Instead, in an intricate mechanism involving stepwise
binding and complex formation, Hsp40s (in humans: DNAJA1/2 and DNAJB1/4), Hsp70
(HSPAS8) and a nucleotide exchange factor (HSPA4) are able to generate a power stroke strong
enough to disaggregate not only large amorphous aggregates but even amyloid fibrils (Gao et
al., 2015; Nillegoda et al., 2015; Nillegoda et al., 2018). In addition, AAA+ proteins such as VCP
and RUVBL1/2 have recently been shown to contribute to protein disaggregation, potentially

performing the role of a metazoan Hsp100 (Darwich et al., 2020; Zaarur et al., 2015).

The cytosolic heat stress response

Throughout their lifetime, cells are constantly challenged by various forms of stress,
endangering the integrity of their genome and proteome. In order to face these challenges
and minimize long-term damage, cells have developed stress-inducible transcriptional
programs that help counteract these detrimental influences. In the case of proteostasis stress
— e.g., the accumulation of misfolded proteins, ubiquitin proteasome system intermediates,
mistargeted organellar proteins or unassembled ribosomal proteins in the cytosol — cells react
with the upregulation of proteostasis components, most prominently chaperones, in a
process termed cytosolic heat stress response (HSR) (Pincus, 2020; Verghese et al., 2012).
Despite its name, the HSR is not only triggered by thermal stress, which can upset the labile
structural balance most proteins find themselves in, but also by the expression of mutant,
aggregation-prone proteins, oxidative stress, nutrient starvation or chemical compounds that
all lead to an accumulation of aberrant non-native protein species (Pincus, 2020). While the
HSR is conserved throughout all kingdoms of life, subtle differences in its specific mechanism
and regulation exist. Here, we showcase its general principle based on the mechanism in the

yeast S. cerevisiae (Masser et al., 2020; Pincus, 2020) (Figure 6).
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Upon accumulation of aberrant protein species, a cell’s proteostasis capacity is quickly
overwhelmed and the amount of chaperones present is not sufficient to deal with the
substantial number of clients. In order to relieve this burden, cells need to upregulate
chaperones and other proteostasis factors. The transcriptional master-regulator for the
expression of such factors is heat shock factor 1 (Hsfl), active as a trimer (Anckar and
Sistonen, 2011; Gomez-Pastor et al., 2018). Under non-stress conditions, Hsf1 monomers are
bound by Hsp70 (Ssal in yeast) and thereby kept in an inactive state (Masser et al., 2020;
Masser et al., 2019; Zheng et al., 2016) (Figure 6). When aberrant protein species accumulate,
Hsp70s are recruited to these proteins, binding to exposed hydrophobic patches and shielding
them from undesired interactions with other proteins (Clerico et al., 2015; Mayer, 2013;
Rudiger et al., 1997). Ultimately, if the number of aberrant proteins exceeds the cell’s present

proteostasis capacity, Hsp70 is titrated away from Hsfl (Masser et al., 2019; Zheng et al.,

Hsf1

Hsp70

>

Abberant
proteins [ Ssal

HSE| | Proteostasis factors |

Figure 6: A feedback loop controls the regulation of the cytosolic heat stress response via Hsfl. Under non-stress
conditions, Hsf1 monomers are bound by the Hsp70 Ssal and kept in an inactive state. If aberrant protein species
accumulate during stress, Ssal is titrated away, releasing Hsf1. Hsf1 trimerizes and binds to heat shock elements in the
promoter region of proteostasis factors to activates their expression. Production of chaperones such as Hsp40s and
Hsp70s increases the cell’s capacity to deal with aberrant proteins. Once stress relieves, the Hsp40 Sis1 starts loading
Hsfl onto Ssal again, shutting down the HSR and corresponding proteostasis factor expression, allowing the system to
return to a ground state.
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2016). Once released, Hsfl can trimerize and activate the expression of proteostasis factors
through binding to conserved DNA binding motifs, called heat shock elements (HSEs), in their
promoters (Amin et al., 1988; Sorger and Nelson, 1989). The increased amount of proteostasis
components can restore and maintain proteostasis until stress relieves. Once stress relieves
and aberrant proteins are dealt with, either through refolding or degradation, more and more
Hsp70 becomes available and its cochaperone Hsp40 (Sis1 in yeast) starts loading Hsp70 onto
Hsfl again, thereby shutting off heat stress response expression (Feder et al., 2021). This
feedback loop guarantees that cells return to a proteostasis ground state and are ready for
the next stress to arrive (Pincus, 2020). Regulation of Hsfl activity by Hsp90 and
posttranslational modifications such as phosphorylation have been described as well but are

far less understood (Gomez-Pastor et al., 2018; Masser et al., 2020; Pincus, 2020).

Despite decades of intense investigation and recent major advances in understanding
the Hsfl-mediated regulation of the HSR, many questions remain unanswered. It is still
puzzling how cytosolic substrates efficiently titrate away nuclear Hsp70 from Hsf1 when their
molar ratio exceeds 1000:1 and how a proper fine-tuning of the HSR can be achieved when
ratios are so dramatically different (Feder et al., 2021; Klaips et al., 2020). Furthermore, while
it has been appreciated that the activation of the HSR can occur through various types of
aberrant protein species, the mechanism of how cells sense these species — either directly or
via other changes to the cellular environment such as lowering of cytosolic pH —is still under
controversial debate (Klaips et al., 2020; Triandafillou et al., 2020). Finally, given this broad
spectrum of potential inducers of the HSR, it is surprising that the presence of disease-related
protein aggregates rarely leads to an induction of the HSR (Olzscha et al., 2011; San Gil et al.,
2020).

Neurodegenerative diseases

Many neurodegenerative diseases are characterized as gain-of-function protein misfolding
diseases due to their underlying mechanism of toxicity, based on the misfolding of proteins
and the distinctive appearance and accumulation of protein aggregates in the form of soluble
oligomers, amorphous inclusions or amyloid fibrils in the brain of patients (Chiti and Dobson,

2017; Hartl, 2017; Ross and Poirier, 2004; Stefani and Dobson, 2003). Neurodegenerative
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diseases pose a major challenge not only for affected individuals and their families but also
the communal health care system in general, as their prevalence and impact increases in our
ageing societies (AlzheimerAssociation, 2021; Arthur et al., 2016; Whetten-Goldstein et al.,
2015; Yang et al., 2020). Many of these diseases such as Alzheimer’s, Parkinson’s and
Huntington’s disease (AD, PD and HD, respectively) are known to the public as widespread
common diseases, while others such as amyotrophic lateral sclerosis or Pick’s disease affect
small numbers of patients but are equally devastating (Chiti and Dobson, 2017). Even though
most neurological disorders differ quite substantially from each other in terms of age of onset,
observable symptoms or affected tissues and brain region, they all share as a hallmark the
presence of protein aggregates in affected neurons (Dugger and Dickson, 2017; Ross and
Poirier, 2004; Soto and Pritzkow, 2018). The fact that these aggregates are formed by
different proteins — e.g., AB and Tau in AD, a-synuclein in PD, or Huntingtin in HD — in cells of
different brain regions, can account for their distinct clinical pathology, but the underlying
principle of protein misfolding and accumulation of highly interactive aggregates is shared
(Chiti and Dobson, 2017; Fu et al., 2018; Hipp et al., 2014; Olzscha et al., 2011). Understanding
the biochemical basis of aggregate toxicity has been of key interest in the study of
neurodegenerative diseases. Based on our knowledge to date, first therapeutic approaches
are being developed that have the potential to improve the lives of patients (Chiti and

Dobson, 2017; Gandhi et al., 2019).

Selective cellular vulnerability

One hallmark of most neurodegenerative diseases is the formation of protein aggregates in
neurons of the brain (Chiti and Dobson, 2017; Ross and Poirier, 2004). Depending on the type
of disease, different proteins are implicated in forming these aggregates and while at later
stages of disease pathology protein aggregates can be found throughout most regions of the
brain, initial aggregate appearance is disease-specific (Brettschneider et al., 2015; Fu et al.,
2018) (Figure 7). In AD, aggregates of AP are first found in the neocortex while Tau inclusions
form in the locus coeruleus and hippocampus first and only later reach the neocortex (Braak
et al., 2006; Thal et al., 2002; Thal et al., 2000). In PD, a-Synuclein inclusions first appear in

the olfactory bulb and brainstem, while Huntingtin aggregates are initially detected in the
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Figure 7: Selective vulnerability of different brain areas to pathological protein aggregation. Indicated are areas of the
brain where protein aggregation of selected proteins in different neurodegenerative diseases is initially observed. HD,
Huntington’s disease; AD, Alzheimer’s disease; PD, Parkinson’s disease.

striatum in HD (Braak et al., 2003; Fu et al., 2018; Walker, 2007). This observation is striking,
as most of these proteins implicated in forming disease-associated aggregates are
ubiquitously expressed throughout the brain and in some cases even the entire human body
(Uhlen et al., 2015). It seems that there is a selective influence of the cellular background on
the aggregation process of different proteins. While this observation has been known for a
while, researchers struggle to identify these influences due to the complex environment of
the brain. Additionally, protein aggregation of one particular protein can be influenced by the
presence of protein aggregates of another, as has been shown for Tau and a-Synuclein or AB
(Guo et al., 2013; Morales et al., 2013; Vasconcelos et al., 2016). Interactions of a-Synuclein,
Tau and AP have also been reported for the aggregation of the disease-related TAR DNA
Binding Protein, TDP-43 (Dhakal et al., 2021; Montalbano et al., 2020; Shih et al., 2020). This
mechanism of cross-seeding aggregation further complicates investigations as it adds another
layer to the question of how the cellular background influences pathological protein

aggregation.
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Huntingtin, Huntington’s disease and other polyQ diseases

The large, 3144 amino acid protein Huntingtin (HTT) is generally expressed in metazoans,
showing a high degree of conservation among vertebrates (Schulte and Littleton, 2011; Tartari
et al., 2008). While its exact function is still the focus of ongoing research, HTT seems to be a
versatile protein, participating in numerous different biological processes such as vesicle and
organelle trafficking, ciliagenesis, cell division, and regulation of transcription (Saudou and
Humbert, 2016). HTT is ubiquitously expressed throughout the entire body, with the highest
expression levels found in the brain (Marques Sousa and Humbert, 2013; Saudou and
Humbert, 2016; Schulte and Littleton, 2011; Uhlen et al., 2015). Most prominently, HTT is

found in large protein inclusions in the brain of patients with Huntington’s Disease (HD).

HD is a complex neurodegenerative disorder with a mean age of onset of 40 years
(Ross and Tabrizi, 2011). Patients suffering from this disease experience many classical
symptoms of neurological disorders such as progressive motor dysfunction, cognitive decline,
and psychiatric disturbance (Ross and Tabrizi, 2011; Walker, 2007). Unfortunately, HD, just as
many other neurodegenerative diseases, cannot be cured and inevitably leads to death within
20 years of the appearance of first symptoms (Ross and Tabrizi, 2011). One characteristic
hallmark of HD is the formation of large neuronal protein inclusions (Davies et al., 1997,
DiFiglia et al., 1997). Pathology usually starts with the appearance of HTT aggregates in the
medium spiny GABAergic neurons in the striatum, eventually affecting other areas across the
brain such as the substantia nigra, motor cortex and hippocampus (Fu et al., 2018; Walker,

2007).

When these aggregates were analyzed with regard to their composition,
predominantly N-terminal fragments of HTT, corresponding to HTT exon 1, were found
(Becher et al., 1998; DiFiglia et al., 1997; Landles et al., 2010; Li et al., 2000). These short
fragments can be generated through proteolytic cleavage of full-length HTT or translation of
alternative splicing products (Sathasivam et al., 2013; Saudou and Humbert, 2016). The
exon 1 of HTT contains a CAG trinucleotide repeat sequence that, when translated, produces
multiple glutamine residues (Figure 8). In healthy individuals, this poly glutamine (polyQ)
stretch is about 10 to 29 (median, 18) residues long, while HD patients show an abnormal
expansion of this sequence of 36 to more than one hundred glutamine residues (Kremer et

al., 1994). These disease-associated, expanded glutamine repeat regions are able to convert
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Figure 8: Huntingtin and its polyQ-containing exon 1. Schematic representation of the full-length Huntingtin protein
with its exon 1 (aa 1-85) highlighted in red. Box shows nucleotide and corresponding amino acid sequence of exon 1,
marked in blue is the poly glutamine (polyQ) tract of a healthy individual with 18 glutamine residues.

from a disordered state to stable intramolecular B-sheet stacks with the propensity to grow

into amyloid-like aggregates (Chen et al., 2002; Yushchenko et al., 2018).

Aggregation of mutant HTT follows an association-conformational conversion
mechanism: first, protein monomers accumulate locally, as suggested for example through
oligomerization, micelle formation or liquid-liquid phase separation (Jayaraman et al., 2012;
Peskett et al.,, 2018; Thakur et al., 2009). Within these local accumulations, an aberrant
conformational transition takes place, stochastically generating a critical nucleus with partial
B-sheet structure (Sinnige et al., 2021; Walters and Murphy, 2011). Due to the high local
concentration of HTT in these local protein accumulations, this structural rearrangement can
propagate to neighboring molecules invoking similar conformational changes to take place
and trigger downstream aggregation of the whole protein population (Chen et al., 2002;
Yushchenko et al., 2018). The length of the polyQ stretch and the protein concentration are
crucial determinants for the aggregation and toxicity of Huntingtin in vivo (Arrasate et al.,
2004; Martindale et al., 1998; Sinnige et al., 2021). In addition, the 17 aa N-terminal as well
as the proline-rich C-terminal flanking region of the polyQ tract have also been implicated in
modulating the aggregation propensity and toxicity of mutant Huntingtin as well as its
interaction with proteostasis components (Dehay and Bertolotti, 2006; Duennwald et al.,
2006b; Shen et al.,, 2016; Urbanek et al., 2020). As with neurodegenerative diseases in
general, whether early soluble oligomers or late-stage amyloid deposits, or both, are
causative for the toxic effects observed in HD, remains an open question. (Arrasate and
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Finkbeiner, 2012; Chiti and Dobson, 2017; Ross and Poirier, 2005; Ross and Tabrizi, 2011).
Despite toxic effects however, inclusions of polyQ-expanded Huntingtin, just like other
pathological protein aggregates, fail to activate the HSR (Gomez-Pastor et al., 2017; Gomez-
Pastor et al., 2018), even though its activity has been shown to ameliorate disease (Fujimoto

et al., 2005; Maheshwari et al., 2014; Neef et al., 2011; Sittler et al., 2001).

The fact that exon 1 of HTT, containing the polyQ region, is the prevalent species found
in disease-associated aggregates, has made exon 1 a widely used model protein to study the
fundamental principles of pathological protein aggregation and toxicity not only in HD but
also other neurodegenerative polyQ disorders, including spinal and bulbar muscular atrophy

or various forms of spinocerebellar ataxia.

The model system S. cerevisiae

Intuitively, studies on neurodegenerative diseases should be performed in experimental
systems as close to the physiological reality as possible, such as human cell culture or mouse
models. However, the complexity of these systems may limit the ability to explore
fundamental principles of cellular aggregate pathology. Therefore, researchers have been
employing model organisms as simple as the yeast S. cerevisiae for decades (Botstein and
Fink, 1988). While this unicellular organism lacks many features of higher eukaryotic cells,
fundamental pathways and molecular machineries are conserved up to human cells, offering
the possibility to gain valuable insights into complex biological processes, especially with
regard to diseases (Botstein et al., 1997). S. cerevisiae has been used extensively in the past
to not only advance our understanding of central cell biological processes such as
transcription and translation, but also to deepen our knowledge about basic aspects of
neurodegenerative diseases, including Huntington’s disease (Duennwald, 2011; Khurana and
Lindquist, 2010; Winderickx et al., 2008). Expressing variants of HTT exon 1 in yeast has
revealed the polyQ-length dependence of HTT aggregation and the modulation of this process
by molecular chaperones (Krobitsch and Lindquist, 2000; Muchowski et al., 2000). Equipped
with specific information from experiments in yeast, many of these principles could later be
recapitulated and validated in higher organisms (Gillis et al., 2013; Khurana and Lindquist,

2010; Kim et al., 2016).
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Generally, S. cerevisiae offers a potent platform for biochemical and cell biological
studies: generation times are sufficiently short to quickly progress with experimental
procedures, its genome has been fully sequenced and annotated in detail and a versatile
toolbox is available for genomic manipulation in order to generate gene knock outs and
mutations (Goffeau et al., 1996; Xiao, 2014). Additionally, extensive data resources exist that
enable the systematic analysis of cellular processes and phenotypes (Khurana and Lindquist,

2010).

Prions in yeast

The term prion is generally associated with the fatal neurodegenerative variant Creutzfeldt-
Jakob Disease (vCJD) and bovine spongiform encephalopathy (‘mad cow disease’, BSE) that
made the news in the 1980s and 1990s (Diack et al., 2014). vCJD patients developed signs of
severe neurodegeneration, especially the formation of protein inclusions in the central
nervous system, most likely after eating meat from cattle infected with BSE (Ward et al., 2006;
Will et al., 1996). It was found that animals infected with BSE and related transmissible
spongiform encephalopathies (e.g., scrapie in goats and sheep) equally showed extensive
signs of neurodegeneration, characterized by the aggregation of a specific protein termed
Prion Protein, PrP (Bolton et al., 1982; Jeffrey and Gonzales, 2004). Interestingly, when PrP
aggregate-containing brain homogenates derived from cattle infected with BSE were injected
into mice, previously soluble mouse PrP protein formed inclusions with similar aggregate

signatures (Bruce et al., 1997; Hill et al., 1997).

Per definition, a prion is a proteinaceous infectious particle that — in contrast to other
pathogens such as bacteria, fungi, parasites, viruses, and viroids — does not contain nucleic
acid (Prusiner, 1982; 1997). One characteristic of a prion protein is its propensity to self-
assemble into filamentous, amyloid prions with cross-B structure (Glynn et al., 2020; Serio,
2018; Sunde et al., 1997) (Figure 9). The initial conversion from the natively folded, soluble
state to the aggregation-prone prion conformation is a stochastic process and for most prion
proteins an extremely rare event (Cohen et al., 1994; Liebman and Chernoff, 2012). Once
formed however, prions are able to impose this structure to any other soluble protein of its

kind that it encounters, leading to amyloid fiber growth and triggering the rapid conversion
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Figure 9: Formation and maintenance of prions. Prion proteins can exist in two distinct conformations, a native and an
aggregation-prone prion conformation. Conformational conversion from the native to the prion conformer is a
stochastic, rare event. Once a prion protein has adopted its prion conformation, it can impose this conformation on other
native proteins of its kind and template their conversion. Association of aggregation-prone prion conformers and
continuous conversion of native prion proteins leads to a growing prion fiber. These fibers can be fragmented by cellular
chaperones leading to the generation of small prion seeds that exacerbate the prion phenotype and are important for
prion inheritance.

of the whole protein population into prion aggregates (Satpute-Krishnan and Serio, 2005)
(Figure 9). The second defining hallmark of prions is the fact that this prion state can be
inherited by daughter cells during cell division or transferred to other cells in an organism in
a non-mendelian fashion (Cox, 1994; Liebman and Chernoff, 2012; Tuite and Cox, 2003). In
some cases — as described above for BSE and vCJD- the prion state can even be passed on

across species.

In higher eukaryotes, such as humans, PrP is the only true prion protein identified to
date. Many proteins have been designated as prion-like, based on the presence of specific
aggregation-prone low complexity regions (LCRs), sequences with little diversity in amino acid
composition and thus a lower propensity to form structured domains (Coletta et al., 2010;
Kastano et al., 2021), or the ability to include soluble protein into preexisting aggregates, but
these prion-like proteins most likely lack the ability to transmit these traits between
individuals in a non-mendelian manner (Cascarina and Ross, 2014; Fraser, 2014; March et al.,
2016). Interestingly, prions are a common phenomenon in yeast and many true prion proteins
have been identified over the years (Liebman and Chernoff, 2012; Wickner et al., 2015). The
most prominent example is the 43 kDa protein ‘Rich in Arginine and Glutamine 1’, Rnql,
whose function is — despite extensive research — still unknown (Sondheimer and Lindquist,
2000). Rng1 prion formation is mediated by the protein’s extensive prion domain, spanning

almost 270 amino acids and containing three LCRs with a strong enrichment of glutamine,
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asparagine, and glycine residues. Rngl has been identified as an important epigenetic factor
in yeast: only in cells where Rnql forms amyloid prions (a state termed [PIN*] for ‘[PSI]
inducing’), not when it is in its soluble [pin’] state, can other prions, such as the [PS/] prion
formed by Sup35, spontaneously appear (Derkatch et al., 2000; Serio, 2018). How the
presence of a preexisting prion favors the appearance of another is still under debate
(Liebman and Chernoff, 2012; Osherovich and Weissman, 2002; Serio, 2018; Tuite and Cox,
2003) (Figure 10). It has been suggested that the presence of preexisting prions is necessary
for cross-templating aggregation (Bradley et al., 2002; Derkatch et al., 2001; Derkatch et al.,

2004; Vitrenko et al., 2007). Others propose that prions sequester the cell’s proteostasis

Model 1: Heterologous cross-seeding via preexisting prions

Templated
Nat|ve nucleation

Prion conformer

PreeX|st|ng prion ,

Model 2: Preexisting prions as titrators of aggregation inhibitor
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Figure 10: Proposed mechanisms of secondary prion appearance. Two proposed models explain the effect of preexisting
prions on the de novo formation of other prions. In the heterologous cross-seeding model (model 1), preexisting prions
act as heterologous nuclei that catalyze the conversion of another prion protein from its native to a prion conformation
through direct templating. Once this prion protein has adopted a structure competent for prion formation, it can itself
impose this structure onto other native proteins of its kind and allow the formation of new prion amyloids. The titration
model (model 2) proposes that prion proteins are kept in a native conformation by binding to an aggregation inhibitor
(e.g., chaperones). Sequestration of such factors by preexisting prion amyloids frees the prion proteins that can then
undergo a conformational conversion from a native to a prion-competent conformer. Once such a nucleus has formed,
it can convert other native proteins of its kind resulting in the formation of new prions.
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capacity, thereby indirectly allowing aberrant misfolding events and downstream protein
aggregation of proteins prone to misfolding (Douglas et al., 2008; Lopez et al.,, 2003;
Osherovich and Weissman, 2001; Sondheimer et al., 2001).

In yeast, prions are dynamic structures despite their amyloid nature: while prions
constantly grow through the conversion and addition of new proteins, the large amyloid fibrils
are also continually sheared and broken down into smaller fragments by chaperones, most
prominently the yeast disaggregase Hsp104 (Kushnirov and Ter-Avenesyan, 1998; Paushkin
et al., 1996). In fact, this mechanism is crucial for the non-mendelian inheritance of prion
phenotypes (Chernoff et al., 1995; Moriyama et al., 2000; Sondheimer and Lindquist, 2000).
Small seeds generated by the fragmentation of large amyloid prion fibers are passed on to
budding daughter cells and in turn lead to the conversion of soluble prion protein in this
emerging cell (Liebman and Chernoff, 2012; Tuite and Cox, 2003). Consequently, transient
inhibition or deletion of Hsp104 leads to the curing of many prions (Ferreira et al., 2001). A
prion positive yeast strain can hereby be converted to a prion-free one within only a few
generations as large amyloid fibrils are not broken down and cannot be passed on to the next

generation (Wegrzyn et al., 2001).

The conversion of prion proteins from their soluble to the prion state can result in a
loss of function (e.g., the [PSI] prion-forming protein Sup35 is a translation termination factor
that cannot perform its function when assembled in prions, leading to increased stop codon
read-through and nonsense mutation suppression) or gain of function (e.g., presence of the
Rngl prion [PIN*] enhances de novo formation of other prions) (Derkatch et al.,, 2000;
Liebman and Chernoff, 2012; Paushkin et al., 1996; Serio, 2018). However, prion formation in
yeast seems to be largely benign as no overt growth defect or toxicity has been observed for
most prions under laboratory growth conditions. Hence, it has been hypothesized that the
prion phenotype acts as evolutionary capacitator allowing cells to adapt to fluctuations in
environmental conditions that they encounter much more frequently in nature than in a well-

controlled laboratory (Halfmann et al., 2010; Shorter and Lindquist, 2005).

For our work, the prion phenomenon in yeast offers a great opportunity to investigate
the influence of the cellular background on the aggregation of disease-relevant proteins such

as polyQ-expanded Huntingtin exon 1. Interestingly, polyQ proteins form visible aggregates
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only in the presence of Rngl prions in [PIN*] but remain soluble in prion-free [pin’] strains.
(Duennwald et al., 2006a; Meriin et al., 2002; Osherovich and Weissman, 2001). Here, the
influence of the conformation of one single protein seems to dictate the aggregation behavior

of another, completely unrelated protein in otherwise isogenic cells.

Optogenetics

The ability to manipulate cellular processes such as gene expression, signaling, transport or
migration is key in molecular biological research and a driver of new discoveries. Being able
to tightly control expression of target genes can help inform about their cellular function and
provide insight into the consequence of its absence. Targeted induction of signaling cascades
enables the investigation of specific responses. Over recent decades, many tools have been
invented to facilitate the researcher’s ability to influence such processes. However, many of
these tools also come with disadvantages. Some of these controllable systems require the use

of chemical compounds that may have off-target effects.

In recent years, the emerging field of optogenetics has helped overcome many of
these drawbacks while providing exquisite control over various cellular processes (Seong and
Lin, 2021). In optogenetics, light responsive polypeptides such as photosensory domains from
plants, algae or bacteria are coupled to effector proteins and utilized to allow the control of
cellular process in other model organisms simply by the illumination with light (or the
withdrawal thereof). The steadily growing toolbox of optogenetics includes dozens of
photosensory proteins and domains that can be stimulated at discrete wavelengths ranging
from infrared to ultraviolet light (Baumschlager and Khammash, 2021; Seong and Lin, 2021).
The use of focused lasers and automated illumination periods allows for a high
spatiotemporal accuracy of induction (Baumschlager and Khammash, 2021; Shin et al., 2017).
The effects of light stimulation on these proteins varies. While for some of them light
illumination simply leads to small conformational changes resulting in e.g., the opening or
closing of a protein channel, others form defined protein-protein dimers or oligomers (Lu et
al., 2020; Seong and Lin, 2021). Depending on the coupled effector protein, a diverse range
of different cellular pathways can be regulated with light, ranging from transcriptional control

to kinase signaling or targeted genome editing (Leopold et al., 2018; Nihongaki et al., 2017;
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Blue light

Figure 11: CRY2 forms homo-oligomers upon induction with blue light. CRY2 is soluble and diffusely distributed
throughout the nucleus of A. thaliana cells when grown in the absence of light (left). Upon expose to blue light, CRY2
rapidly forms reversible homo-oligomeric protein clusters (right).

Polesskaya et al., 2018; Seong and Lin, 2021). Furthermore, light regulation does not only
allow for a spatiotemporal regulation of these cellular processes, but —if used properly — does
so without overt toxicity or harm for the respective model organism. As a result, optogenetics
has become an important experimental means for exploratory research that can be applied

in a wide range of different contexts and questions.

One prominent example that has found application in many different areas is the
Arabidopsis thaliana photoreceptor protein Cryptochrome 2, CRY2 (Wang and Lin, 2020).
CRY2 is a 70 kDa blue light-absorbing protein that forms transient homo-oligomeric protein
clusters termed ‘photobodies’ in response to a blue light stimulus (wavelengths below
500 nm) (Ahmad, 2016; Mas et al., 2000) (Figure 11). In plants it is implicated in many cellular
functions such as hypocotyl elongation, de-etiolation or entrainment of circadian rhythm via
transcriptional regulation (Wang and Lin, 2020; Yu et al., 2010). Upon illumination with blue
light, the flavine adenine dinucleotide (FAD) chromophore of CRY2 is reduced by electron
transfer from a conserved triad of tryptophan residues, leading to conformational changes
within the protein that result in homo-oligomer formation (Ma et al., 2020; Palayam et al.,
2021). Itis this unique characteristic that has been adopted for many optogenetic applications
like endocytosis regulation, signaling, modulation of intracellular calcium levels or liquid-
liquid phase separation in various different model organisms such as human cell culture,

zebrafish or mice (Bugaj et al., 2013; Kyung et al., 2015; Shin et al., 2017; Taslimi et al., 2014).
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Aims of This Study

Huntington’s disease is a progressive neurological disorder, characterized by the presence of
nuclear inclusions of polyQ-expanded Huntingtin protein in affected neurons in the brain of
patients. Aggregation of mutant Huntingtin typically commences in neurons of the striatum
and spreads throughout the brain as the disease progresses. In the yeast model S. cerevisiae,
expression of a polyQ-expanded model protein on the basis of exon 1 of Huntingtin leads to
the formation of insoluble inclusions only when the endogenous prion-forming protein Rnql
is in its amyloid prion conformation. Just as in the mammalian system, these polyQ inclusions
fail to robustly induce the cytosolic heat stress response even though they are highly
interactive and sequester a broad range of cellular factors. In this work, we investigated how
chaperones, aggregate morphology, and cellular background influence the aggregation and
biological effects of polyQ in S. cerevisiae and how our findings translate to the disease

condition in humans.

In the first chapter of this study, we aimed at obtaining insight into why inclusions of an
expanded polyQ model protein do not lead to a robust induction of the cytosolic heat stress
response (HSR) in yeast. Given the importance of proteostasis components — especially
chaperones — in the process of HSR induction, we investigated whether the endogenous
protein levels of any of these factors might be limiting for an efficient recognition of aberrant
polyQ species and whether augmenting the expression levels of such a limiting factor would
allow an efficient induction of the HSR by aggregated forms of polyQ. In the framework of this
research question, we analyzed the importance of aggregate morphology and dynamics on
the inducibility of the HSR and how they are modulated by cellular factors, such as

chaperones.

In the second part of this study, we wanted to explore the influence of the cellular
background, especially with regard to the presence or absence of the endogenous [PIN] yeast
prion, on the aggregation of polyQ. In the context of this chapter, we also investigated the
nature of the active polyQ species — whether it is soluble oligomers or large amyloid-like
inclusion — responsible for biological effects such as heat stress response induction and
toxicity, and how the cellular background modulates the formation of these active polyQ

species.
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Summary

The formation of protein aggregates in neurons in the brain is a hallmark of many
neurodegenerative diseases, including Huntington’s disease. Despite their toxic nature,
sequestering many critical cellular proteins and proteostasis components, such as
chaperones, disease-associated aggregates often times avoid recognition by the cell and fail
to induce the HSR, although activation of the HSR could help reduce the burden of aberrant
protein species and their detrimental impact. Similarly, expression and aggregation of a
polyQ-expanded model protein on the basis of Huntingtin exon 1 does not elicit a productive

HSR in the yeast S. cerevisiae.

Screening a library of proteostasis components, consisting of most of the yeast Hsp40s
and Hsp70s, we found the Hsp40 chaperone Sis1 to be limiting for the activation of the HSR.
Consistently, overexpression of SIS1 but not other Hsp40s led to the induction of the HSR

selectively by aggregated forms of expanded polyQ.

We demonstrated that overexpression of S/IS1 mediates changes in aggregate
morphology, especially by enhanced formation of soluble polyQ oligomers that compose
extended cloud-like condensates instead of typical dense polyQ inclusions. Analysis of the
dynamic properties of these condensates revealed that while still static in nature, other
cellular factors such as the Hsp70 Ssal, were able to penetrate the condensates and interact
with the polyQ oligomers. The changes in the physico-chemical properties of the polyQ
aggregates thus led to an increased accumulation of Ssal in these condensates, possibly

driving the release of Hsfl from Ssal and consequently the activation of the HSR.

Using a mutationally destabilized variant of firefly luciferase, we further presented
evidence that Sisl also mediates the recognition of and HSR activation by heat-denatured
protein aggregates. Therefore, our results demonstrate a more general role of Sisl in
promoting the ability of cells to recognize aberrant protein species and regulate the HSR in
response to protein conformation stress. The human Sis1 homologue DNAJB6 similarly acts
as a critical regulator of the HSR, highlighting the conservation of this mechanism even in

higher eukaryotes.
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This work was part of a collaboration with Dr. Courtney Klaips and resulted in a publication in
Nature Communications in 2020 (Klaips et al., 2020). In the following | will describe mainly the
results of experiments | contributed to this study. Wherever necessary for coherence, other
data are explained but not shown in detail. The reader may be referred to the original

publication for the full scope of this work.

Length-dependent aggregation of polyQ in yeast

The polyQ length-dependent aggregation of model proteins has been demonstrated in yeast
before (Krobitsch and Lindquist, 2000). In order to recapitulate these findings and lay the
foundation for following experiments, we designed constructs containing Huntingtin exon 1
with either 20 glutamine residues (Htt20Q), a Q-length below the threshold for aggregation,
or 97 glutamine residues (Htt97Q), shown to form inclusions when expressed in yeast (Gruber
et al., 2018) (Figure 12A). These constructs also contained the polyQ-adjacent poly proline

domain, allowing for expression without overt toxicity in yeast. The C-terminal fusion of the

A pGAL
Htt20Q | Q[ PP |

Hite7Q

Htt exon 1 mCherry

B DIC Htt-mCh. GFP-NLS Merge C

Ht20Q Htt97Q

anti-mCherry

Figure 12: Aggregation of polyQ depends on Q-repeat length. (A) Schematic illustration of polyQ construct design.
Huntingtin exon 1 with either 20Q (Htt20Q) or 97Q (Htt97Q), including the polyQ-adjacent proline-rich region (PP), was
N-terminally fused to an mCherry fluorophore and expressed under the control of a galactose-inducible promoter
(pGAL). (B) Htt97Q forms cytoplasmic inclusions. Representative confocal micrographs of [PIN*] yeast cells expressing
either Htt20Q or Htt97Q, grown in galactose-containing media for ~21 h. Cells were coexpressing GFP-NLS as nuclear
marker. Experiments were performed in triplicate. Scale bar, 5 um. (C) Htt97Q forms SDS-resistant inclusions. Cells
expressing Htt20Q or Htt97Q were grown in galactose-containing media for ~21 h prior to harvest. Cell lysates were
treated with SDS/DTT and subjected to filtration and subsequent immunodetection with anti-mCherry antibody.
Representative result is shown from experiments performed in triplicate.
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fluorescent protein mCherry allowed the detection and visualization of the proteins in cells
via microscopy. When expressed from multicopy 2u vectors under the control of the strong,
galactose-inducible GAL promoter in Rnql prion containing [PIN*] cells, Htt20Q remained
diffusely distributed while Htt97Q formed single bright inclusions in cells (Figure 12B). These
inclusions were partially SDS-resistant and could be retained on a filter membrane with a pore
size of 0.2 um (Figure 12C). Coexpression of the GFP-NLS nuclear marker indicated that while
Htt20Q was located throughout the cytoplasm and nucleus, Htt97Q inclusions formed

exclusively outside the nucleus (Figure 12B).

Sis1 enables stress response activation by polyQ aggregates

The presence of aberrant protein species is known to induce the HSR (Pincus, 2020). Thus, we
investigated whether the inclusions formed by Htt97Q were able to trigger the HSR in affected
cells. To test this, we employed a B-galactosidase (B-gal) reporter assay. Here, the enzyme
B-galactosidase is expressed in cells under the control of a promoter containing stress-
inducible heat shock elements (HSE). Any cellular stress that activates the HSR via the Hsfl
master regulator will also lead to an increase in the reporter activity and can be detected
guantitatively through an enzymatic assay. Interestingly, the expression and aggregation of
Htt97Q did not lead to a strong induction of the reporter, indicating no activated HSR in these
cells compared to empty vector or Htt20Q controls (Figure 13A). The activation of the HSR
through thermal stress (induced through growth at 37 °C) or overexpression of HSF1 was not
affected in cells expressing Htt97Q (Figure 13A). This argued that failure to induce the HSR by
Htt97Q inclusions was not due to a general inability of these cells to induce such a response

but suggested a lack of recognition of the Htt97Q aggregates by the cells themselves.

Molecular chaperones have been shown to modulate polyQ aggregation and toxicity
and play a vital role in the regulation of the HSR (Kobayashi and Sobue, 2001; Muchowski et
al., 2000; Pincus, 2020). Thus, we wondered whether the overexpression of individual
chaperones could enable cells to detect and act upon Htt97Q inclusions. To test this, we
overexpressed a library containing most of the known Hsp40 and Hsp70 chaperones in yeast,
trying to identify potential candidates that showed an increased HSR upon coexpression of

Htt97Q. Among the 50 tested candidates, only six (Ssel, Sis1, Xdj1, Ssz1, Sse2 and Ydj1) led
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Figure 13: SIS1 overexpression enables heat stress response activation by aggregated polyQ. (A) Aggregated Htt97Q
does not elicit a potent HSR. B-Galactosidase (B-Gal) activity was measured in cells expressing a LacZ reporter under the
control of a minimal promoter containing a HSE from SSA3 (pHSELacZ), coexpressing either an empty vector control,
Htt20Q or Htt97Q. Cultures were grown in galactose-containing media at 30 °C for ~20 h. Cells were either maintained
at 30 °C, shifted to 37 °C for 1 h or additionally expressed HSF1. HSE activity is reported in standard Miller Units. Data
represent mean + SD from at least three independent experiments, p-values were calculated by unpaired, two-sided t-
test. n.s., not statistically significant. (B) Screen for factors allowing HSR activation by Htt97Q. B-Gal activity is shown for
pHSELacZ-containing cells expressing Htt97Q and coexpressing one of 50 yeast chaperones from 2 plasmids under the
control of a galactose-inducible promoter. Cultures were grown in galactose-containing media at 30 °C for ~21 h. Orange
line is average HSE activity, orange bars are + SD. Hits outside SD are annotated. (C) S/S1 but not YDJ1 overexpression
allows HSR activation by Htt97Q. B-Gal activity is shown for pHSELacZ-containing cells overexpressing either an empty
vector control, SIS1 or YDJ1 from the constitutive GPD promoter as well as an empty vector control, Htt20Q or Htt97Q.
Cultures were grown in galactose-containing media at 30 °C for ~21 h. Data represent mean + SD from at least three

independent experiments.

to a significant Htt97Q-dependent activation of the B-galactosidase reporter in this screen
(Figure 13B). After validation of these hits in single, independent experiments, only the Hsp40
Sisl remained as promising candidate. Indeed, when overexpressed along with Htt97Q, Sis1
led to a strong induction of the HSR, whereas another Hsp40, Ydj1, implicated in many
processes related to misfolded proteins, only showed a weak effect (Figure 13C). The Sis1-
dependent induction of the HSR relied on the formation of inclusions as only the expression

of Htt97Q but not Htt20Q led to activity of the B-gal reporter (Figure 13C).

Sis1 affects physico-chemical aggregate properties

In order to understand how overexpression of SIS1 confers cells with the ability to detect
Htt97Q inclusions and induce the HSR, we analyzed the cellular aggregates via microscopy.
Interestingly, while we observed mainly single bright inclusions at endogenous SIS1
expression levels, co-overexpression of SIS1 led to an altered aggregate morphology
(Figure 14A). Htt97Q now formed cloud-like structures that, while still being mostly confined

to the cytoplasm, expanded throughout large parts of the cell (Figure 14A).
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Figure 14: SIS1 overexpression changes polyQ aggregate morphology. (A) SIS1 overexpression leads to the formation
of cloud-like Htt97Q condensates. Representative confocal micrographs of yeast cells coexpressing Htt97Q and either
an empty vector control or S/S1, along with GFP-NLS. Cultures were grown in galactose-containing media for ~21 h.
Experiments were performed in triplicate. Scale bar, 5 um. (B) Sisl is found in nucleus and cytoplasm alike upon
overexpression. Representative confocal micrographs of yeast cells expressing endogenously tagged SIS1-GFP along with
Htt20Q. Cells additionally expressed an empty vector control or overexpressed SIS1. Cultures were grown in galactose-
containing media for ~21 h. Experiments were performed in triplicate. Scale bar, 5 um. (C) Sis1 localizes to Htt97Q
inclusions and condensates. Representative confocal micrographs of yeast cells expressing endogenously tagged SIS1-
GFP along with Htt97Q. Cells additionally expressed an empty vector control or overexpressed SIS1. Cultures were grown
in galactose-containing media for ~21 h. Experiments were performed in triplicate. Scale bar, 5 um.

To investigate whether Sis1 was directly involved in modulating aggregate
morphology, we visualized Sis1 via expression of an endogenously tagged SIS1-GFP fusion
protein. At endogenous expression levels coexpressing only the soluble Htt20Q, Sis1 was
found throughout the cells but accumulated in the nucleus, in line with previous reports (Huh
et al., 2003) (Figure 14B). Upon additional overexpression of SIS1, the Sis1-GFP signal was
evenly distributed between nucleus and cytoplasm, indicating a saturation of the nucleus
(Figure 14B). When coexpressing Htt97Q instead of Htt20Q, we observed the formation of
dense inclusions or cloud-like condensates upon endogenous or additional overexpression of
SIS1, respectively, as shown before (Figures 14C and A). Sis1-GFP colocalized with Htt97Q in
both inclusions and condensates (Figure 14C). The sequestration of Sis1-GFP by the Htt97Q
aggregates was very efficient as almost no residual Sis1 signal was detected in the rest of the

cells, even under S/S1 overexpression conditions (Figure 14C).

When we analyzed the density of Htt97Q aggregates via fluorescence analysis, we

found that the cloud-like condensates, formed in the presence of SIS1 overexpression, were
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almost four times less dense than inclusions formed under endogenous Sisl levels
(Figure 15A). A complementary biochemical analysis further underlined this finding: Upon
SIS1 overexpression, the amount of Htt97Q retained in the pellet fraction after fractionation
decreased and Htt97Q was almost exclusively soluble (= 90%) (Figure 15B). Analysis of these
total and soluble fractions via semi-denaturating detergent agarose gel electrophoresis (SDD-
AGE), a biochemical method to visualize protein oligomers, offered interesting insights. At
endogenous Sis1 levels, Htt97Q not only formed large, SDS-insoluble inclusions (Figure 12C),
but also oligomeric species (Figure 15C). These oligomers were mostly soluble as they also
appeared in the soluble fraction (Figure 15C). At elevated Sis1 levels, the amount of soluble
Htt97Q oligomers was strongly increased (Figure 15C), suggesting that Sisl changed the
physico-chemical properties of Htt97Q aggregates. These soluble oligomeric species
appeared as cloud-like condensates on a macroscopic scale. In line with our microscopy
results (Figure 14), the SDD-AGE analysis supported the idea of a direct interaction of Sis1

with Htt97Q oligomers, as they were comigrating on the gel (Figure 15C).

Given the increased solubility of Htt97Q aggregates upon SIS1 overexpression, we

were curious about the dynamic properties of these cloud-like condensates. In order to
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Figure 15: Sis1 affects physico-chemical characteristics of Htt97Q aggregates. (A) Htt97Q condensates are less dense
than inclusions. The average fluorescence intensity of aggregates from Htt97Q expressing cells, coexpressing an empty
vector control or overexpressing SIS1 and grown in galactose-containing media for ~21 h was measured using confocal
microscopy. Box plots represent median and 25th and 75th percentile, whiskers minimal and maximal values. n =20
cells, p-value was calculated by unpaired, two-sided t-test. (B) Htt97Q condensates are more soluble than inclusions.
Cell lysates of cells expressing Htt97Q and coexpressing either an empty vector control or overexpressing SIS1, grown in
galactose-containing media for ~21 h, were subjected to fractionation (15’000 x g). Total lysate (T) as well as soluble (S)
and pellet (P) fractions were analyzed by SDS-PAGE and immunoblotting for mCherry and Pgkl. Representative results
are shown from experiments performed in triplicate. Blots were quantified by densitometry. Data represent mean * SD.
(C) Overexpression of SIS1 leads to increase of soluble Htt97Q oligomers. Cells expressing Htt97Q and coexpressing
either an empty vector control or overexpressing SIS1 were grown in galactose-containing media for ~21 h. Cell lysates
were fractionated and total lysate (T) and soluble fraction (S) were analyzed via SDD-AGE and immunoblotting for
mCherry and Sis1. Representative results are shown from experiments performed in triplicate.
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Figure 16: Htt97Q and Sis1 form static mesh. Cells expressing Htt97Q and endogenously tagged SIS1-GFP as well as
coexpressing either an empty vector control or additionally overexpressing SIS1 from a separate plasmid were grown in
galactose-containing media for ~21 h. Htt97Q (top panel) or Sis1-GFP (bottom panel) were analyzed via fluorescent
recovery after photobleaching (FRAP). Representative confocal images of cells before (pre) and after (post, +80 s) bleach
are shown on the left from experiments performed at least three times. Yellow circle indicates region of interest. Scale
bar, 2.5 um. Graphs on the right depict mean * SE relative fluorescence of region of interest over the course of 90 s.

evaluate the mobility of both Htt97Q as well as Sis1 within the aggregates, we performed
fluorescence recovery after photobleaching (FRAP) experiments. When Htt97Q formed dense
inclusions under endogenous Sis1 levels, both Htt97Q and Sis1 were immobile as no recovery
of the bleached photo signal was detected even over an extended period of time (Figure 16).
Interestingly, Htt97Q and Sis1 were also largely immobile in the cloud-like condensates
formed upon SIS1 overexpression (Figure 16). Thus, despite the increased solubility of these
condensates, they did not seem to possess liquid-like properties but rather formed a static

mesh-like structure, in line with their irregular shape.

Sis1 recruits Ssal to polyQ aggregates

Sis1 is a multidomain Hsp40 chaperone responsible for substrate recognition and binding,
substrate transfer to an Hsp70 partner and the stimulation of the Hsp70 ATPase activity. We
next assessed the influence of different Sis1 mutations and deletions on its ability to promote

Htt97Q condensate formation. Deletion of the substrate-binding C-terminal domain as well
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Figure 17: Formation of cloud-like Htt97Q condensates requires functional interaction of Sis1 with Hsp70.
Representative confocal micrographs of yeast cells coexpressing Htt97Q and either an empty vector control, wild-type
SIS1 (WT) or a mutant form of SIS1. Cultures were grown in galactose-containing media for ~21 h. AAA, triple mutant
converting the HPD motif into AAA; AG/F, deletion of the G/F domain (residues 77-121); AC, deletion of the C-terminus
(residues 122-352); ADD, deletion of the dimerization domain (residues 339-352). Experiments were performed in
triplicate. Scale bar, 5 pm.

as the G/F region — the function of which, while essential for cellular functions, remains to be
fully characterized —led to the loss of the ability of Sis1 to form cloud-like Htt97Q condensates
(Figure 17). Similarly, mutating the HPD motif of the J-domain required for stimulation of the
Hsp70 ATPase activity, prevented the formation of Htt97Q condensates, instead leading to
smaller, more dispersed aggregates (Figure 17). All three regions of Sisl are required for
either its interaction with substrate or the Hsp70 Ssal, suggesting that Ssal participated in
condensate formation. Concurrently, deletion of the Sis1 dimerization domain, not involved
in interaction with substrate or Hsp70, preserved the ability of Sis1 to form cloud-like Htt97Q
condensates (Figure 17). Interestingly, B-galactosidase reporter assays mirrored our
microscopy results, as Htt97Q-dependent HSR induction was lost for the AAA, AG/F and AC
mutants but retained for the ADD deletion (data not shown, see Klaips et al., 2020), suggesting

that condensate formation and HSR induction were coupled.

We next analyzed the localization of Ssal via expression of SSAI-GFP and found that
it localized to both the dense inclusions and the cloud-like condensates under endogenous or
elevated Sis1 levels, respectively (Figure 18A). Interestingly, Ssal was mostly found on the
surface of the dense Htt97Q inclusions formed at endogenous Sis1 levels, apparently unable
to penetrate the aggregate core (Figure 18A). Conversely, Ssal could be found throughout
the cloud-like Htt97Q condensates when SIS1 was overexpressed, indicating that this less
dense type of aggregate — even though static in nature — was permeable for cellular factors

(Figure 18A). Earlier, we showed that both Htt97Q and Sis1 are immobile in the Htt97Q
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Figure 18: Ssal accumulates in Htt97Q condensates, forming a mobile phase. (A) Ssal can only penetrate Htt97Q
condensates, not inclusions. Representative confocal micrographs of cells expressing Htt97Q and SSA1-GFP as well as
coexpressing either an empty vector control or additionally overexpressing SIS1, grown in galactose-containing media
for ~21 h. Experiments were performed in triplicate, scale bars, 2 um. (B) Ssal forms mobile phase within Htt97Q
condensates. Cells expressing Htt97Q and SSA1-GFP and additionally overexpressing SIS1 from a separate plasmid were
grown in galactose-containing media for ~21 h. Dynamics of Ssal-GFP were analyzed via FRAP. Representative confocal
micrographs of cells before (pre) and after (post, +80 s) bleach are shown on top from experiments performed at least
three times. Yellow circle indicates region of interest. Scale bar, 2.5 um. Graph below depicts mean + SE relative
fluorescence of region of interest over the course of 90 s. FRAP traces of Sis1-GFP and Htt97Q-mCherry from Figure 16
shown as references.

condensates. Finding Ssal to localize to the same aggregates, we investigated its dynamics
via FRAP analysis as well. Surprisingly, the Ssal signal recovered rapidly after photobleaching
(ta/2 ~ 6s) (Figure 18B). Thus, Ssal seemed to be able to move through the mesh formed by

Htt97Q and Sisl, interacting with both proteins.

Taken together, the altered Htt97Q aggregate morphology and composition upon
overexpression of SIS1 makes the aggregates accessible for Ssal and possibly allows for an
effective titration of Ssal from Hsfl, thereby activating the HSR. Under endogenous Sis1
expression conditions, when Htt97Q forms dense, impenetrable inclusions, Ssal cannot be
efficiently recruited to these aggregates and their presence does not lead to an induction of

the HSR.

56



Results

Sis1-Ssal interaction is important for HSR activation by heat-denatured proteins

Finally, we were wondering whether the role of Sisl in recognizing disease-associated
aggregates was a general phenomenon that was also important for the recognition of more
‘physiological’ protein aggregates, such as those formed upon thermal stress. Upon
incubation of cells at elevated temperatures, both Sis1 and Ssal accumulated in distinct foci
in the cytoplasm as well as the nucleus (Figure 19A), suggesting that these chaperones also

cooperate under thermal heat stress conditions to identify aberrant protein species.

To test this possibility, we expressed a model protein based on conformationally
destabilized firefly luciferase (FlucDM). This protein, containing two point mutations, is
structurally labile and only stably folded under non-stress conditions. Elevated temperatures
lead to the rapid un- and misfolding of this protein and the formation of protein aggregates
(Gupta et al.,, 2011). When we analyzed the localization of Sis1 under thermal stress
conditions in cells expressing the luciferase model protein, we made similar observations as
described above for polyQ-expressing cells. At endogenous Sisl levels, luciferase formed
small aggregates in the cytoplasm and nucleus that were also bound by Sis1 (Figure 19B).
Upon overexpression of S/S1, FlucDM accumulated into fuzzier, expanded aggregates,
similarly binding Sis1l (Figure 19B). Both types of aggregates also interacted with Ssal
(Figure 19C). However, just as for the dense polyQ inclusions, Ssal could not fully penetrate
all luciferase aggregates that were formed under endogenous Sisl expression levels
(Figure 19C). Only upon overexpression of SIS1 and remodeling of the luciferase aggregates
did we observe efficient colocalization of Ssal with FlucDM (Figure 19C). When we
guantitatively assessed the amount of Ssal colocalizing with aggregates compared to
unbound, free Ssal, we found that SIS1 overexpression led to a three-fold increase in the
amount of Ssal that was bound by aggregated luciferase (Figures 19C and D). Consistent with
our observations for polyQ inclusions, overexpression of S/S1 also enhanced the HSR
induction caused by expression and misfolding of FlucDM at elevated temperatures

(Figure 19E).

These findings support the notion that the interplay of Sis1 and Ssal is also important
for the recognition of protein aggregates induced by thermal stress. Therefore, the central
role that Sis1 plays in recognizing polyQ aggregates and inducing the HSR in response appears

to be a generally conserved principle in the detection of aberrant protein species.
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Figure 19: Sis1-Ssal interaction is important for HSR activation by heat-denatured proteins. (A) Sis1 and Ssal localize
to foci upon heat shock. Representative confocal micrographs of yeast cells expressing either endogenously GFP-tagged
SIS1 or SSA1-GFP from an endogenous locus, grown at 30 °C. Cells were either maintained at 30 °C prior to imaging (top)
or shifted to 37 °C for 1 h (bottom). Cells were coexpressing NLS-mCherry as nuclear marker. Experiments were
performed in triplicate. White arrows indicate foci. Scale bar, 5 um. (B) Sis1 localizes to heat-induced protein aggregates.
Representative confocal micrographs of yeast cells expressing endogenously GFP-tagged S/IS1 and mCherry-tagged
double mutant firefly luciferase (FlucDM-mCh). Cells were coexpressing either an empty vector control or additionally
overexpressing SIS1 from a separate plasmid. Cells were grown at 30 °C and either maintained at 30 °C (top) or shifted
to 37°C for 1h (bottom) prior to imaging. Experiments were performed in triplicate. White arrows indicate
colocalization. Scale bar, 5 um. (C) SIS1 overexpression increases recruitment of Ssal to heat-induced protein aggregates.
Representative confocal micrographs of yeast cells expressing SSAI-GFP from an endogenous locus along with FlucDM-
mCh. Cells were additionally coexpressing either an empty vector control or overexpressing SIS1. Cells were grown at
30 °C and shifted to 37 °C for 1 h prior to imaging. For the empty vector control, common and rare aggregation events
are shown. Boxes show magnification of selected aggregates. Scale bar, 5 um. (D) Ssal-GFP enrichment within
aggregates versus the rest of the cell in (C) were quantified via fluorescence. Box plots represent median and 25th and
75th percentile, whiskers minimal and maximal values. n = 25 cells, p-value was calculated by unpaired, two-sided t-test.
(E) FlucDM-induced stress response is enhanced by Sis1. pHSELacZ reporter cells, expressing either empty vector (EV) or
FlucDM-mCh (FlucDM) and coexpressing either empty vector (EV) or SIS1 (Sisl) were grown in galactose-containing
media at 30 °C for ~20 h. Cells were either maintained at 30 °C or shifted to 37 °C for 1 h prior to measurement of B-gal
activity. Data represent mean + SD from at least three independent experiments, p-values were calculated by unpaired,
two-sided t-test.
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Deposition of large amyloid-like aggregates is a hallmark of many diseases, including
neurodegenerative disorders such as Alzheimer’s, Parkinson’s and Huntingtin’s diseases (Chiti
and Dobson, 2006; Ross and Poirier, 2004; Stefani and Dobson, 2003). These aggregates have
been shown to be highly interactive and sequester a wide range of cellular proteins, thus
contributing to disease (Hartl, 2017; Valastyan and Lindquist, 2014). However, despite their
highly toxic nature, disease-associated protein aggregates often fail to induce defensive stress
responses in affected cells (Gomez-Pastor et al., 2017; Olzscha et al., 2011; San Gil et al.,,
2020), although stress response pathways, when activated, have been shown to effectively
ameliorate harmful aggregate effects (Balch et al., 2008; Fujimoto et al., 2005; Gomez-Pastor

et al., 2018; Maheshwari et al., 2014; Neef et al., 2011).

In this study, we investigated this phenomenon in the model organism S. cerevisiae,
expressing polyQ-expanded model proteins on the basis of Huntingtin exon 1. We confirmed
that the presence of large polyQ inclusions did not elicit the cytosolic heat stress response.
Screening a library of yeast chaperones identified the Hsp40 Sis1 as a key regulator for the
induction of the HSR by aggregated polyQ. Overexpression of S/S1 led to the formation of
enlarged, less dense, cloud-like condensates instead of the densely packed inclusions
observed at endogenous Sis1 levels (Figures 20A and B). These condensates were built of a
static mesh of Sis1 and polyQ oligomers that increased the permeability of the aggregate for
other cellular components such as the Hsp70 Ssal, which could move freely through this
structure. The increased capacity of these remodeled condensates to sequester Ssal in turn
led to the induction of the HSR response, most likely by titrating away Ssal from Hsfl
(Figure 20B). Domain deletion experiments of Sis1 further underlined this dual function in
substrate recognition and HSR induction: mutation of the J-domain HPD motif, deletion of the
G/F region as well as deletion of the C-terminal domain all independently prevented polyQ

condensate formation and HSR induction alike.

Interestingly, the observed mechanism of aggregate recognition and remodeling by
Sis1 was not exclusive to polyQ but could also be observed for aberrant protein species
appearing upon thermal stress. Luciferase aggregates, formed at elevated temperatures,

were not only bound by Sis1 and directed into larger condensates upon SIS1 overexpression,
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Figure 20: Model. (A) Under endogenous Sis1 levels, Htt97Q forms dense inclusions that are inaccessible for Ssal. Hsf1
remains bound by Ssal and cannot induce the HSR. (B) At higher Sis1 levels, Sis1 interacts with soluble Htt97Q oligomers,
forming cloud-like condensates that are permeable for Ssal. Ssal accumulates in these condensates and is titrated away
from Hsfl. Hsfl is released and can activate the HSR by binding to HSEs. (C) Under endogenous Sis1 levels, heat stress
leads to the accumulation of aberrant protein species. Sis1 recruits Ssal to these proteins, in turn freeing Hsfl and
allowing for an appropriate induction of the HSR. (D) At elevated Sis1 levels, higher amounts of Ssal are recruited to
heat-denatured proteins, resulting in a hyperactive, maladapted HSR.

but they were also able to sequester larger amounts of Hsp70, thereby amplifying the HSR

(Figures 20C and D). This argued for a general role of Sis1 in sensing aberrant protein species.

Given the beneficial effect of elevated Sis1 levels on the sensitivity of the HSR not only
to heat-induced protein aggregates but also disease-associated inclusions, the question arises
why cells are limiting the amounts of available Sis1, thereby risking potential harm from toxic
protein aggregation. Further experiments in the context of this project suggested that a
permanently elevated level of Sisl results in a maladapted HSR. Overexpression of SIS1
caused hypersensitivity towards even mild stress conditions resulting in an overshooting
cellular response and the consumption of valuable cellular energy and chemical resources. It

also led to a longer lasting stress response unable to be shut off efficiently by the cells once
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activated. Our experiments demonstrated the importance of a fine-tuned HSR for the survival
of cells encountering proteotoxic stress. While elevated levels of Sisl are beneficial to
recognize and deal with disease-associated protein aggregates, they can also lead to a
maladapted stress response that renders cells incapable of a sensitive and dynamic response
to stress. Thus, stress responses appear to have been optimized in evolution to allow cells to

maintain a fine balance between these two extremes.

The function of Sis1 in regulating the HSR is conserved in mammalian cells. We found
that the human Sis1 homolog DNAIJB6 is critical for an efficient induction of the HSR by protein
conformational stress caused by elevated temperatures and that increasing the levels of
DNAJB6 amplifies this response (data not shown here, see Klaips et al.,, 2020). However,
similar to the yeast system, levels of DNAJB6 are tightly controlled. While multiple studies
found that elevated levels of DNAJB6 can prevent disease-associated protein aggregation
(Gillis et al., 2013; Hageman et al., 2010; Kakkar et al., 2016), an excess of DNAJB6 has also
been implicated in causing toxicity in primary neurons (Smith and D'Mello, 2016), highlighting

the conservation of the importance of a balanced proteostasis network for cellular health.

Our results not only offer new mechanistic insights into the cellular recognition of
aberrant protein species and efficient induction of stress response pathways but also
underline the importance of a fine-tuned proteostasis system in this process. Furthermore,
the findings presented here also help to outline possible strategies for pharmacological
intervention with protein misfolding diseases. While a permanent elevation of proteostasis
factors such as Sis1 or DNAJB6 can potentially be problematic, intermittently boosting their
expression might allow specific recognition of disease-associated protein aggregates and
temporal activation of the HSR to promote disease amelioration without detrimental side

effects.
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Summary

Selective cellular vulnerability is a well-known phenomenon in neurodegenerative diseases.
Despite their ubiquitous expression, disease-associated proteins such as Huntingtin initially
form aggregates only in a subset of neurons, revealing an underlying influence of the cellular
background on pathological protein aggregation. A similar phenomenon can be observed in
the yeast model S. cerevisiae, where the aggregation of expanded polyQ is influenced by the
prion status of the strain background. PolyQ forms detergent-resistant inclusions only if the
yeast prion-forming protein Rng1 is in its prion conformation ([PIN*]) but remains soluble if

the yeast strain is cured of the Rnqg1 prion ([pin‘]).

In this section of the work, we designed an optogenetic tool by coupling the
photoreceptor protein CRY2 from A. thaliana with polyQ-expanded Huntingtin exon 1
variants, allowing us to induce polyQ aggregation even in the non-permissive [pin’] yeast
strain background by illumination with blue light. Being able to directly compare aggregation
of polyQ in both [PIN*] and [pin] strains for the first time enabled us to investigate influences
of the cellular background on the aggregation process itself as well as the ability of polyQ

aggregates to induce cellular responses such as activation of the HSR or toxic effects.

Proteomic and functional analyses revealed no evidence of general proteostasis
impairment of [PIN*] cells, arguing for a direct effect of the Rnq1l prion on the aggregation of
polyQ. Artificially inducing aggregation of polyQ in [pin’] with our optogenetic tool, we found
that the presence of large SDS-insoluble inclusions was not sufficient to induce biological
outcomes in this strain background. Rather, our results suggested that soluble oligomeric
assemblies of polyQ are the actual bioactive species and that these oligomers only form in
the presence of preexisting prions in [PIN*]. Mass spectrometric experiments and in vitro
reconstitution confirmed that early transient interactions of soluble polyQ with Rnq1l prions
cross-seed aggregation of polyQ and lead to the formation of soluble oligomeric species

responsible for HSR induction and toxicity.

The fact that prion-like proteins have also been identified to interact with soluble
polyQ species in mammalian cells offers the intriguing hypothesis that the age-dependent
accumulation of prion-like aggregates in the human brain may catalyze the aggregation of

disease-relevant proteins ultimately causing neurodegenerative phenotypes.
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Work described in this chapter was published in Molecular Cell in October 2022 (Gropp et al.,
2022).

Rngl prion status influences aggregation of expanded polyQ

We began our investigation by curing a prion positive [PIN*] yeast strain via GdnHCl treatment
to transiently inhibit Hsp104. The resulting prion-free [pin7] strain is isogenic to its [PIN*]
parent and only differs in the aggregation status of the Rnql protein. We confirmed the prion
status of the two yeast strains through expression of RNQ1-GFP. As expected, Rnql-GFP
formed distinct foci in the [PIN*] strain, while it remained soluble and diffusely distributed

throughout [pin] cells (Figure 21A).

To establish the dependence of polyQ aggregation on the prion status of the yeast
strain background, we expressed a fluorescently tagged model protein based on Huntingtin
exon 1 containing a disease-associated 97 Q expansion in its poly glutamine tract (97Q). 20Q,
a glutamine repeat length below the threshold for aggregation, served as control. While we
observed visible 97Q inclusions in the cytosol of the [PIN*] strain, 97Q remained soluble in the
majority of [pin] cells (Figure 21B), as previously reported (Duennwald et al., 2006a; Meriin
et al., 2002; Osherovich and Weissman, 2001). 20Q was diffusely distributed throughout the

cells in both strain backgrounds (Figure 21B).

Figure 21: Rnq1 prion status influences aggregation of expanded polyQ. (A) GdnHCI treatment cures [PIN*] phenotype.
Representative confocal micrographs of [PIN*] and GdnHCl-treated [pin-] yeast cells expressing a RNQ1-GFP reporter.
Experiments were performed in triplicate. Scale bar, 5 um. (B) 97Q aggregation is dependent on [PIN] prion background.
Representative confocal micrographs of [PIN*] and [pin] yeast cells expressing either 20Q or 97Q. Experiments were
performed in triplicate. Scale bar, 5 um.
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Rngl prion status does not detectably impair proteostasis

To investigate the influence of the yeast prion status on the aggregation of other, unrelated
proteins such as polyQ, we first analyzed whether there were intrinsic distinctions between
isogenic [PIN*] and [pin7] strains (Figure 22A). Total proteome analysis, based on the
qguantification of 3478 proteins by mass spectrometry, revealed only few proteins significantly
enriched (> 1.5-fold; p <0.05) in either condition with no GO Term correlation for any
biological processes relevant for aggregation modulation, suggesting that there were no

global proteome differences between the two strains (Figures 22A, left and B).

The presence of prions in yeast has been reported to limit the availability of cellular
factors, especially proteostasis components, by sequestration (Douglas et al., 2008; Lopez et
al., 2003; Osherovich and Weissman, 2001; Sondheimer et al., 2001). Titration of such
regulatory factors that normally function as modulators of aggregation could influence the
process of polyQ aggregate formation. To identify potential proteins that are bound by Rnq1l
in its aggregated, amyloid form in [PIN*] cells, we performed an immunoprecipitation (IP)
experiment against Rnql-GFP from respective yeast cells followed by mass spectrometric
analysis of bound interactors (Figure 22A, right). As a reference, we performed the same IP
against Rngl1-GFP in its soluble state in [pin’] cells. Rnq1-GFP was highly interactive and bound
a plethora of cellular factors in its prion conformation compared to its soluble form
(Figure 22C). A GO Term enrichment analysis of interactors (> 1.5-fold enrichment; p < 0.05)
in the [PIN*] condition showed many factors involved in cytoskeleton organization or nuclear

transport (Figure 22D).

The top hits of interactors preferentially bound by Rnq1-GFP in its aggregated state,
were enriched for prion(-like) proteins (Figure 22E). Such proteins possess low complexity
regions, often rich in asparagine and glutamine residues, and have been shown to be
sequestered by amyloid aggregates (Olzscha et al., 2011; Park et al., 2013). However, most of
these proteins have not been associated with a function in modulating aggregation. Factors
that could potentially play such a role are members of the proteostasis network, especially
chaperones. While we did not observe any highly significant correlation in this regard among
interactors of Rnql-GFP in [PIN*] (Figure 22D), we found many individual proteostasis
components among those interactors. Most prominently, Rng1-GFP bound several members

of the Hsp70 chaperone family (Ssal, Ssa2, Ssa3) as well as the essential Hsp40 Sisl
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(Figure 22F), known to be involved in proteostatic pathways such as protein degradation and

stress response induction (see Chapter [; Klaips et al., 2020; Park et al., 2013).
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Figure 22: Rnq1 prions sequester prion-like proteins and proteostasis components. (A) Schematic representation of
mass spectrometry experiments. [PIN*] and [pin-] yeast cells were compared directly with regard to total proteome
differences (left) or after IP to identify specific interactors of Rngl (right). (B) Proteomes of [PIN*] and [pin‘] cells are
similar. Volcano plot representation of label-free total proteome analysis of [PIN*] versus [pinT] cells from four
independent experiments. Significantly enriched proteins (> 1.5-fold enrichment, p <0.05) are marked in blue.
(C) Rnq1-GFP is highly interactive in its prion state. Volcano plot representation of label-free interactome analysis of
Rnq1-GFP in [PIN*] versus [pin-] after anti-GFP IP from four independent experiments. Significant interactors (> 1.5-fold
enrichment, p < 0.05) are marked in blue. (D) GO-Term enrichment analysis for Biological Process of interactors of Rnq1-
GFP in [PIN*] condition in (C). Enrichment of GO-Terms with a significance of p < 0.05 are shown. (E) Prion-like proteins
are bound by Rng1-GFP in [PIN*]. Volcano plot representation from (C) with prion-like proteins labelled in red. Selected
hits are annotated. (F) Proteostasis components are bound by Rnq1-GFP in [PIN*]. Volcano plot representation from (C)
with chaperones, Hsps and proteins with described protein folding function labelled in red. Selected hits are annotated.
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To determine whether sequestration of these factors leads to proteostasis
impairment, we measured the half-life of the terminally misfolded model protein cytosolic
carboxypeptidase Y* fused to GFP (CG*). Upon synthesis, CG* is rapidly degraded by the
proteasome, dependent on Hsp70 and Hsp40 (Sisl) (Park et al., 2013). Consequently,
reduction of cellular Sis1 levels through transcriptional repression using a tet-off system led
to a marked stabilization of CG* in a cycloheximide (CHX) chase experiment (Figures 23A
and B). Degradation kinetics of CG* did not differ in [PIN*] or [pin] cells (Figure 23A).
Moreover, a B-galactosidase-based reporter assay revealed no HSE-mediated stress response
in [PIN*] and a similar inducibility of the HSR in [PIN*] and [pin’] cells upon exposure of cells to

elevated temperatures (Figure 23C).

A CHX [h]
0051 2 3 [PIN'] -=[pinT --[pin] SIST OFF
[PIN']

Pgk1

CG* | g ot st ot

CG* remaining
o
[$)]
:

[pin| CG*

SISt " a : ;
OFF |Pgk1 Time [h]
B C 30 [PIN'] = [pinT]
2
[pin’] =20
[PIN'] [pin] SIST1 s
OFF B
510
L
T

30 32 34 36 38 40
Temperature [°C]

Figure 23: Rnq1 prion status does not detectably impair proteostasis. (A) Prion status does not influence turnover of
CG*. CG* was expressed in [PIN*] and [pin7] yeast cells for 20 hr. Cycloheximide (CHX) was added to inhibit protein
synthesis and cells were collected at the indicated times after CHX addition. As a control, a [pin-] strain in which
endogenous SIS1 was replaced with tet-off SIS1 was grown for 20 h in the presence of doxycycline (DOX) to shut off
expression of S$IS1 (5/S1 OFF). CHX chase was performed in a similar fashion as for wt samples. Samples were analyzed
by SDS-PAGE and immunoblotting for GFP and Pgkl as a loading control, followed by densitometric analysis. Data
represent mean + SD from three independent experiments. (B) Depletion of Sis1. Samples from (A) were analyzed via
SDS-PAGE and immunoblotting for Sisl. A representative result is shown from experiments performed in triplicate.
(C) Prion status does not influence induction of the HSR by heat. B-Galactosidase (B-Gal) activity was measured in [PIN*]
or [pin7] cells expressing a LacZ reporter under the control of a minimal promoter containing a HSE from SSA3 (pHSELacZ).
Cells were grown at 30 °C for ~20 h, followed by a shift to the indicated temperature for 1 h prior to analysis. LacZ activity
is reported in standard Miller Units. Data represent mean + SD from four independent experiments.
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Taken together, our data suggest that neither intrinsic proteome differences nor a
general impairment of the proteostasis network through sequestration of proteostasis factors

in [PIN*] can explain the dependence of polyQ aggregate formation on the prion status.

Characterizing blue light-inducible protein clustering in yeast

Our proteomics data argued that it is not an intrinsic feature of the yeast strain that influences
the aggregation of polyQ, but potentially a direct effect of the prion aggregates on the polyQ
protein. Amyloid-forming proteins, including both Rngl and polyQ, are generally highly
interactive once in their aggregated state, especially with other intrinsically disordered
proteins (Olzscha et al., 2011; Ripaud et al., 2014) (Figure 22E). In addressing this possibility,
it was of interest to experimentally circumvent the prion requirement for polyQ aggregate

formation.

It has been suggested that the formation of polyQ-expanded Huntingtin exon 1
inclusions follows a multistep mechanism (Ossato et al., 2010; Vitalis and Pappu, 2011). First,
protein monomers accumulate locally, as suggested for example through oligomerization,
micelle formation or liquid-liquid phase separation (Jayaraman et al., 2012; Peskett et al.,
2018; Thakur et al., 2009). Within these local clusters, a stochastic aberrant conformational
transition takes place, generating a critical nucleus with partial f-sheet structure that triggers
downstream aggregation of the protein population (Serio et al., 2000; Sinnige et al., 2021;
Walters and Murphy, 2011; Yushchenko et al., 2018). Following this rational, we hypothesized
that combining expanded polyQ with the Arabidopsis thaliana photoreceptor protein CRY2,
known for its ability to rapidly form homo-oligomeric protein clusters upon a blue light
stimulus, could enable directed, local concentration of the protein and thereby facilitate its
aggregation even in a prion-free [pin’] strain, thus circumventing the catalytic function of the

prion phenotype.

CRY2 has been used as an important optobiochemical tool for many applications in
plants, human cell culture and other model organisms (Bugaj et al., 2013; Kyung et al., 2015;
Pathak et al., 2017). However, little had been known about its behavior in yeast. To examine
the suitability of CRY2 for our experimental approach, we first elucidated its characteristics in

yeast. We labelled the photolyase homology region (PHR) of CRY2, known for its ability to
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Figure 24: Characterizing blue light-inducible protein clustering in yeast. (A) Schematic illustration of Opto construct
design. For wt mCherry-Opto, the CRY2 photolyase homology region (PHR) was tagged with an N-terminal mCherry
fluorophore. mCherry-Opto olig contains a point mutation at position 490 of CRY2. Both constructs were integrated into
the genome and expressed from the constitutive GPD promoter. (B) Formation of homooligomeric clusters upon light
activation. Representative confocal micrographs of cells expressing wt or olig mCherry-Opto, imaged at different time
points before and after activation with blue light for 30 s. Experiments were performed in triplicate. Scale bars, 5 um.
(C) Workflow for cluster disappearance experiment. Cells expressing mCherry-Opto constructs were grown in the dark,
followed by a 5 min activation period in blue light. Cultures were returned to the dark and continued to incubate. At
regular time intervals, the number of cells with visible mCherry-Opto clusters was counted. (D) Disappearance kinetics
differ for CRY2 variants. Quantification of number of cells with visible clusters over time after illumination with blue light
for 5 min or without illumination as control. Cells were expressing either mCherry alone or mCherry-Opto constructs.
Each data point represents the mean + SD from three biological replicates and 100 individual cells counted each.

allow homo-oligomerization upon illumination with blue light, with mCherry (mCherry-Opto),
integrated this construct in the genome and expressed it under the control of the strong
constitutive GPD promoter (Figure 24A). We also analyzed the behavior of the CRY2 E490G
point mutant, shown to display altered clustering and dissociation kinetics (CRY2 olig) (Duan
et al., 2017; Taslimi et al., 2014) (Figure 24A). When the mCherry-Opto constructs were
expressed in yeast grown in the absence of blue light, both CRY2 variants were diffusely
distributed throughout the cells and clustered upon exposure to a short (30 s) blue light pulse
(Figure 24B). While CRY2 wt formed many small foci upon illumination, CRY2 olig first
assembled into larger clusters that eventually merged into a few large foci per cell, persisting
substantially longer than wt counterparts (Figure 24B). These protein clusters dissociated
over time in the dark. The kinetics of this process differed between the two constructs.
Counting the number of cells expressing the mCherry-Opto proteins in visible foci after a
5 min blue light pulse followed by incubation in the dark (Figure 24C) revealed that CRY2 wt

clusters had a lifetime of only about 15 min, while foci formed by CRY2 olig persisted much
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longer, up to 2 h after activation (Figure 24D). Since for our purposes an extended period in a
locally concentrated form was desired, we chose to proceed using exclusively the PHR of the

CRY2 olig variant for all following experiments.

To ensure the suitability of mCherry-Opto in both [PIN*] and [pin] yeast cells, we
tested its response to blue light illumination in both backgrounds. Independent of the prion
status of the cell, mCherry-Opto was soluble when cells were grown in the absence of light,
rapidly clustered upon illumination and eventually formed one or few large foci per cell when
exposed to blue light for a longer period of time (Figure 25A). After short blue light
illumination (5 min) and subsequent incubation in the dark, the mCherry-Opto clusters
dissociated with similar kinetics in both backgrounds (Figure 25B), confirming that the prion

status did not influence the behavior of this optogenetic tool.

A mCherry-Opto B 100 C 60
D2 =l S mCherry-Opto - [PIN'] § 501
v 754 pin’] >40]
g £
1] =
=] G 30
(M)
2 50- h
E 2 201
2]
= 254 104
(&)
0 O Dark Light HS
0 60 120 180 ek Light B>

Time after Activation [min] mCherry-Opto

D mCherry-Opto, Light
+ SDS
150 uyg 150 ug 300 ug

anti-mCherry

Figure 25: Light-induced mCherry-Opto clusters are inert. (A) [PIN] prion status does not influence clustering of
mCherry-Opto. Representative confocal micrographs of [PIN*] and [pin] cells expressing mCherry-Opto, grown in the
absence (Dark) or presence of blue light (Light) for 6 h prior to imaging. Experiments were performed in triplicate. Scale
bar, 5 um. (B) [PIN] prion status does not influence disappearance of Opto clusters. Quantification of number of
mCherry-Opto-expressing [PIN*] or [pin] cells with visible clusters over time after illumination with blue light for 5 min.
Each data point represents the mean +SD from three biological replicates and 100 individual cells counted each.
(C) Neither expression of mCherry-Opto nor its activation with light induce the HSR. B-Gal activity was measured in
pHSELacZ-containing [PIN*] cells expressing mCherry-Opto and grown either in the absence (Dark) or presence of blue
light for 6 h (Light) prior to analysis. As a control, B-gal activity was measured in the same cells shifted to 37 °C for 1 h
(HS) prior to measurement. Data represent mean + SD from three independent experiments (D) mCherry-Opto does not
form SDS-resistant aggregates. Indicated amounts of total protein from lysates of [PIN*] cells expressing mCherry-Opto
grown in the presence of blue light for 6 h prior to harvest were filtered through a 0.2 um cellulose acetate membrane.
Indicated samples were treated with SDS/DTT before loading. The membrane was processed for immunodetection with
anti-mCherry antibody. A representative result is shown from experiments performed in triplicate.
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Functional analysis of the mCherry-Opto clusters revealed that their presence, even
over an extended period, did not induce the HSR or interfere with its regular activation in
response to elevated temperatures (Figure 25C). In line with the dynamic clustering and
dissociation behavior of mCherry-Opto, the visible clusters that were formed upon blue light
illumination remained soluble in the detergent SDS (Figure 25D). Together, these results

suggest that the dynamic mCherry-Opto clusters are largely inert on their own.

Light-inducible polyQ aggregation

Having established the suitability of the CRY2-based optogenetic tool in yeast, we proceeded
to functionalize the mCherry-Opto construct by N-terminally fusing cMyc-tagged 97Q-
expanded Huntingtin exon 1 (97Q-Opto) (Figure 26A). As before, 20Q served as control
(20Q-Opto) (Figure 26A). The presence of the poly proline tract C-terminal to the polyQ
sequence allowed the expression of these constructs without overt toxicity in yeast, making
it an ideal model system to study fundamental aggregation processes unaffected by

deleterious side effects (Duennwald et al., 2006b; Holmes et al., 2014a).

To assess the influence of the polyQ tags on the behavior of the Opto construct, we
performed similar experiments as before. 20Q-Opto was soluble when cells were grown in
the absence of light in both [PIN*] and [pin’] and clustered upon illumination with blue light
(Figure 26B), similar to mCherry-Opto alone (Figure 25A). 97Q-Opto showed a different
behavior depending on the prion status of the strain background (Figure 26B). In [PIN*],
inclusions were observed already in the dark in a subset of cells (Figure 26B). Here, as reported
in previous studies, 97Q formed aggregates independent of the influence of CRY2 (Meriin et
al., 2002; Osherovich and Weissman, 2001). If these cells were illuminated with blue light, the
preformed inclusions were not altered, but residual diffuse 97Q-Opto clustered into
characteristic foci (Figure 26B). In the non-permissive, [pin] background, 97Q-Opto was
soluble in the absence of light and clustered only upon illumination with blue light
(Figure 26B). When exposed to blue light for a brief period (5 min), light-induced 20Q- and
97Q-Opto clusters dissociated with slower kinetics compared to the mCherry-Opto control
(Figure 26C), suggesting interactions between the polyQ tags of the constructs when

accumulated locally. While this short blue light pulse was apparently not sufficient to
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Figure 26: Light-inducible polyQ aggregation. (A) Schematic illustration of polyQ-Opto construct design. Functionalized
Opto constructs contain Myc-tagged Huntingtin exon 1 with variable lengths of the poly glutamine expansion (Q/QQQ),
including the adjacent proline-rich region (PP), N-terminal to the previously described mCherry-Opto (20Q-Opto and
97Q-Opto). Analogous to mCherry-Opto, polyQ-Opto constructs are integrated into the genome and expressed
constitutively from the GPD promoter. (B) PolyQ-Opto forms clusters upon blue light illumination. Representative
confocal micrographs of [PIN*] and [pinT] cells expressing 20Q-Opto or 97Q-Opto, grown in the absence (Dark) or
presence of blue light (Light) for 6 h prior to imaging. Experiments were performed in triplicate. Scale bar, 5 um.
(C) PolyQ-Opto clusters persist longer than mCherry-Opto. Quantification of number of [pin-] cells expressing either
mCherry-Opto, 20Q-Opto or 97Q-Opto in visible clusters after illumination with blue light for 5 min. Each data point
represents the mean +SD from three biological replicates and 100 individual cells counted each. (D) Continuous
illumination with blue light results in prolonged clustering of Opto constructs. Quantification of number of [pin-] cells
expressing either mCherry-Opto, 20Q-Opto or 97Q-Opto in visible clusters over time. Cultures were either grown in in
the constant presence (Light) or absence (Dark) of blue light. Each data point represents the mean + SD from three
biological replicates and 100 individual cells counted each.

generate stable polyQ-Opto aggregates, clusters could be maintained through continuous

illumination with blue light (Figure 26D).

Comparing the behavior of mCherry-Opto alone with polyQ-tagged Opto variants
demonstrated that this functionalization preserved the basic characteristic of the
photoreceptor of aggregation in response to blue light. This approach allowed us to induce
the formation of protein clusters decorated with polyQ peptides in the otherwise non-

permissive [pin’] yeast strain.
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Light-induced formation of polyQ aggregates in [pin’] cells

Expanded polyQ proteins form SDS-resistant aggregates in [PIN*] yeast and mammalian cells,
a feature that these inclusions share with polyQ fibrils produced in vitro (Kazantsev et al.,
1999; Muchowski et al., 2002; Scherzinger et al., 1997). We next analyzed the polyQ-Opto
clusters via filter retardation assay in order to investigate whether they possessed similar
biochemical characteristics. Neither mCherry-Opto nor 20Q-Opto formed large SDS-resistant

aggregates in any condition tested (Figure 27A). For 97Q-Opto, the results were more
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Figure 27: Formation of polyQ aggregates in [pin-] cells. (A) 97Q-Opto forms SDS-resistant aggregates upon illumination
with blue light. Indicated amounts of total protein from lysates of [PIN*] or [pin] cells expressing either mCherry-Opto,
20Q-Opto or 97Q-Opto, grown either in the absence (Dark) or presence of blue light (Light) for 6 h prior to harvest, were
filtered through a 0.2 um cellulose acetate membrane. Indicated samples were treated with SDS/DTT before loading.
Membrane was processed for immunodetection with anti-mCherry antibody. Representative result is shown from
experiments performed in triplicate. (B) 97Q-Opto aggregates in [PIN*] and [pin‘] cells share similar physico-chemical
characteristics. 97Q-Opto was expressed in [PIN*] or [pin’] cells from a 2u plasmid under the control of a galactose-
inducible promoter in inducing media for ~23 h in the presence of blue light. Cell lysates were subjected to treatment
with different amounts of SDS or 100% formic acid prior to analysis via filtration as in (A). 375 pg total protein were
loaded for each [pin-] sample, 300 ug for [PIN*] samples. Only half the amount of total protein was applied in control
samples (No SDS). 97Q-Opto was detected with anti-mCherry antibody. A representative result is shown from
experiments performed in triplicate. (C) Formation of SDS-resistant aggregates requires prolonged activation with light.
[pin] cells expressing 97Q-Opto were grown in the absence of blue light and shifted to blue light for the indicated times
prior to harvest (left) or returned to the dark after 5 min blue light pulse (right). Cells were harvested at indicated time
points. 300 ug of total protein from lysates were treated with SDS/DTT and analyzed via filtration. Membranes were
processed for immunodetection with anti-mCherry antibody. Representative results are shown from experiments
performed in triplicate. (D) Expression and light-induction of Opto constructs does not change [PIN] prion status.
Confocal micrographs of RNQ1-GFP expressing [PIN*] and [pin-] cells coexpressing either a blank vector control, mCherry-
Opto, 20Q-Opto or 97Q-Opto. Cells were grown in blue light for 6 h prior to imaging. Experiments were performed in
triplicate. Scale bar, 5 um.
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complex. When expressed in the permissive [PIN*] background, 97Q-Opto formed SDS-
insoluble inclusions already in the absence of light, in agreement with our previous
microscopy analysis (Figures 27A and 26B), and the trapped material increased upon blue
light illumination (Figure 27A), suggesting that light-induced species were also partially SDS-
resistant. As expected, we did not observe any 97Q-Opto trapped on the filter in [pinT] cells in
the absence of light (Figure 27A). However, if cells were illuminated with blue light, 97Q-Opto
formed SDS-insoluble aggregates even in this non-permissive background (Figure 27A). The
light-induced 97Q-Opto aggregates in [pin’] cells exhibited comparable physico-chemical
properties to the aggregates formed in the [PIN*] strain: they showed similar susceptibility to
different concentrations of SDS and readily dissolved upon treatment with formic acid
(Figure 27B), as has previously been described for polyQ fibrils (Hazeki et al., 2000). Notably,
the formation of SDS-resistant aggregates in [pin’] cells required the prolonged exposure to
blue light, as a short pulse of blue light followed by a further incubation in the dark was not

sufficient (Figure 27C), in agreement with our previous observations (Figure 26C).

To exclude the possibility that expression and light-induction of the Opto constructs
altered the [pin’] status of the yeast strain and thereby allowed the formation of SDS-resistant
97Q-Opto aggregates, we visualized the state of the cellular Rngl protein via the coexpression
of RNQ1-GFP (Figure 27D). In all tested conditions, including the expression and activation of
Opto constructs, the Rnql-GFP signal remained diffuse and did not form discrete foci
characteristic of a [PIN*] prion state. This confirmed that the SDS-insoluble aggregates we
observed in the filter retardation assay were indeed formed via light-induced clustering of
97Q-Opto. Thus, by applying the optogenetic tool, we were able to induce robust formation
of SDS-resistant protein aggregates of an expanded polyQ protein in a non-permissive [pin’]

background.

Previous studies, including work presented in Chapter |, have shown that polyQ
aggregates directly interact with and are able to sequester cellular components such as the
yeast Hsp40 Sisl (see Chapter I; Klaips et al., 2020; Park et al., 2013; Walter et al., 2011).
Furthermore, we demonstrated that the overexpression of SIS1 increases the solubility of
polyQ inclusions (see Chapter I; Klaips et al., 2020). To analyze whether light-induced 97Q-
Opto aggregates in [pin’] cells were equally influenced by cellular components, we assessed

the solubility of these aggregates at endogenous and elevated Sisl levels (Figure 28A).
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Figure 28: Light-induced 97Q-Opto aggregates resemble regular polyQ inclusions. (A) Overexpression of S/S1 results in
increased SDS-solubility of 97Q-Opto aggregates. [pin] cells expressing 97Q-Opto and coexpressing either a blank vector
control (Blank) or overexpressing SIS1 from an additional plasmid under the control of the GPD promoter (5/S1 OE) were
grown in blue light for 6 h prior to harvest. Indicated amounts of total protein from lysates were treated with SDS/DTT
and filtered through a 0.2 um cellulose acetate membrane. The membrane was processed for immunodetection with
anti-mCherry antibody. A representative result is shown from experiments performed in triplicate. Graph depicts
densitometric quantification of membranes. Bars represent mean + SD, p-value calculated by unpaired, two-sided t-test.
(B) SIS1 overexpression level. Samples from (A) were analyzed by SDS-PAGE and immunoblotting for Sis1 and Pgkl. A
representative result is shown from experiments performed in triplicate. Graph depicts densitometric quantification of
membranes. Bars represent mean + SD, p-value calculated by unpaired, two-sided t-test. (C) 97Q-Opto expression levels.
Samples from (A) were analyzed by SDS-PAGE and immunoblotting for mCherry and Pgkl. A representative result is
shown from experiments performed in triplicate. Graph depicts densitometric quantification of membranes. Bars
represent mean + SD, p-value calculated by unpaired, two-sided t-test. n.s., not statistically significant. (D) PolyQ-Opto
aggregates sequester polyQ-GFP. Representative confocal micrographs of [pin-] cells coexpressing mCherry-Opto, 20Q-
Opto or 97Q-Opto and 20Q-GFP or 97Q-GFP, grown in blue light for 6 h prior to imaging. Experiments were performed
in triplicate. Arrows mark colocalization. Scale bar, 5 um. (E) Light-induced 97Q-Opto aggregates sequester 97Q-GFP in
detergent-insoluble aggregates. 300 pg of total protein from lysate of samples from (D) were analyzed via filtration as
in (A). Membranes were processed for immunodetection with either anti-mCherry (magenta) or anti-GFP (green)
antibody. Chemiluminescence signals were overlaid, matching signals appear white. Representative result is shown from
experiments performed in triplicate.
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Indeed, upon SIS1 overexpression (Figure 28B), blue light illumination of [pin’] cells expressing
similar amounts of 97Q-Opto (Figure 28C) resulted in reduced amounts of SDS-insoluble
aggregates, compared to an empty vector control condition (Figure 28A). This result
suggested that light-induced 97Q-Opto aggregates in [pin] were indeed functionally

interacting with cellular components such as Sis1, just as regular polyQ inclusions in [PIN*].

Partial SDS-resistance and the ability to interact with cellular factors are hallmarks the
light-induced aggregates share with regular polyQ inclusions in yeast. Another characteristic
feature of expanded polyQ proteins in [PIN*] is the ability to sequester proteins with shorter
polyQ stretches, which are unable to aggregate on their own (Chen et al., 2001; Duennwald
et al., 2006a; Kazantsev et al., 1999; Wang et al., 2009). To test this property for the light-
induced polyQ-Opto aggregates, we coexpressed mCherry-Opto, 20Q-Opto or 97Q-Opto
along with non-Opto-tagged 20Q-GFP and 97Q-GFP in [pin’] cells. As expected, light-induced
mCherry-Opto clusters failed to sequester either 20Q-GFP or 97Q-GFP (Figure 28D). In
contrast, both 20Q-GFP and 97Q-GFP colocalized with aggregates formed by 20Q-Opto and
97Q-Opto (Figure 28D). The surprising finding that even light-induced 20Q-Opto aggregates
were able to sequester other polyQ-containing proteins suggests polyQ co-aggregation
depends mostly on high local polyQ concentrations rather than pathological polyQ expansion.
Furthermore, co-aggregation did also not depend on the ability to form SDS-resistant
aggregates, as 20Q-Opto aggregates remain SDS-soluble (Figures 28E and 27A). Only light-
induced aggregation of 97Q-Opto and co-expression of 97Q-GFP led to the formation of SDS-

resistant co-aggregates (Figure 28E).

The importance of polyQ length and protein concentration for aggregation in yeast
has been previously reported (Duennwald et al., 2006b; Krobitsch and Lindquist, 2000;
Scherzinger et al., 1999). While at low concentrations and short glutamine repeat lengths,
polyQ is mostly found in its soluble state, an increase in the protein concentration or a longer
polyQ tract can lead to the formation of protein aggregates. Having characterized the
behavior of 20Q-Opto and 97Q-Opto and their light-induced aggregates thoroughly, we
extended our study to constructs with polyQ stretches of intermediate length to get a better
understanding of the phase dynamics of polyQ. To assess the basal level of aggregation of
polyQ in the [PIN*] background, we analyzed cultures endogenously expressing polyQ-Opto

in the absence of light (Figure 29A). Under these conditions, only cells expressing 97Q-Opto
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Figure 29: Light induction allows dynamic movement in aggregation phase diagram. (A) Activation with light lowers
the Q-length threshold for aggregate formation in [PIN*]. [PIN*] cells expressing either mCherry-Opto or polyQ-Opto
from an integrated endogenous locus under the control of the GPD promoter were grown either in the absence (Dark)
or presence of blue light (Light). 300 g of total protein from lysates were treated with SDS/DTT and filtered through a
0.2 um cellulose acetate membrane. Membrane was processed for immunodetection with anti-mCherry antibody.
Representative result is shown from experiments performed in triplicate. *, only 60 g of total protein was loaded. Graph
depicts densitometric quantification of material retained on membranes. Data represent mean + SD. (B) Activation with
light increases SDS-insoluble aggregation at higher expression levels. mCherry-Opto or polyQ-Opto were expressed in
[PIN*] cells from 2u plasmids under the control of a galactose-inducible promoter through growth in inducing media for
~23 h. Samples were analyzed as in (A). Representative result from experiments performed in triplicate is shown. Data
represent mean + SD. (C) Activation with light induces 97Q-Opto aggregate formation in [pin-]. [pin] cells expressing
either mCherry-Opto or polyQ-Opto from an integrated endogenous locus under the control of the GPD promoter were
grown and analyzed as in (A). Representative result is shown from experiments performed in triplicate. Data represent
mean + SD. (D) Activation with light lowers the Q-length threshold for aggregate formation in [pin’] at higher expression
levels. mCherry-Opto or polyQ-Opto were expressed in [pin’] cells from 2 plasmids under the control of a galactose-
inducible promoter through growth in inducing media for ~23 h. Samples were analyzed as in (A). Representative result
is shown from experiments performed in triplicate. Data represent mean +SD. (E) PolyQ-Opto allows dynamic
movement in aggregation phase diagram. Schematic phase diagrams depicting the Q-length and concentration
dependence of aggregate formation by polyQ-Opto in [PIN*] (left) and [pin-] (right) cells. At low expression levels and
short polyQ lengths, polyQ is mostly soluble (green) whereas at high concentrations and long Q-stretches polyQ forms
aggregates (red). Critical concentration and Q-length for aggregate formation are lower for [PIN*] than for [pin-].
Aggregation of polyQ-Opto can be induced via light-dependent clustering, increasing the local polyQ concentration and
thereby allowing the crossing of phase boundaries, even for shorter Q-repeat lengths or non-permissive backgrounds.

showed a significant formation of SDS-resistant aggregates (Figure 29A). Light-induced
clustering lowered the threshold for aggregate formation to 60 Q (Figure 29A) and increased
the amount of SDS-resistant aggregates for 97Q-Opto (Figure 29A). In line with these results,
augmenting the overall concentration of polyQ-Opto through expression from multicopy 2u
plasmids and a stronger promoter already allowed the formation of SDS-resistant aggregates
at shorter polyQ length in the absence of light (Figure 29B). Light induction further increased
the amount of SDS-resistant aggregates (Figure 29B). In the non-permissive [pin] background,
only 97Q-Opto showed the light-dependent formation of SDS-insoluble aggregates at low
expression levels (Figure 29C). However, aggregation still remained ~4-fold lower than in
[PIN*] cells under similar conditions (Figure 27A), suggesting that the [PIN*] prion status
dramatically enhances polyQ aggregation propensity. Overexpression of polyQ-Opto in [pin’]
cells and light activation mirrored previous observations in [PIN*] with SDS-resistant
aggregates forming already for 60Q-Opto (Figure 29D). Interestingly, at these high expression
levels, small but detectable amounts of SDS-resistant aggregates of 97Q-Opto could even be
observed without illumination. In summary, increasing the concentration of polyQ through
light-induced clustering or higher expression levels decreased the threshold for aggregate

formation even for proteins with shorter polyQ stretches (Figure 29E), recapitulating
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previously published results on the importance of polyQ length and protein concentration on

the aggregation process for our polyQ-Opto constructs.

Taken together, our experiments confirmed that light-induced polyQ-Opto aggregates
share key characteristics with regular polyQ inclusions in yeast: they are partially SDS-
resistant, readily dissolve in formic acid, interact with cellular factors, are able to sequester
other polyQ proteins and exhibit a similar dependence on both polyQ length and protein
concentration for the formation of SDS-resistant species. The possibility to induce these
aggregates in both [PIN*] and [pin’] cells and dynamically shift the threshold for aggregate
formation by illumination with blue light allowed us to study polyQ aggregation and its
biological effects for the first time in isogenic yeast strains in order to shed light on the

influence of the cellular background on these processes.

[PIN*] cells accumulate polyQ oligomers responsible for HSR induction

After the biochemical characterization of polyQ-Opto aggregates, we next investigated their
functional properties. In Chapter |, we showed that the induction of the HSR by expanded
polyQ in yeast is dependent on the overexpression of SIS1 (see Chapter I; Klaips et al., 2020).
Here, we showed that the light-induced polyQ-Opto aggregates were able to interact with
Sis1 as well (Figure 28). Thus, we tested whether these aggregates were also able to induce a
Sis1l-dependent HSR. Expression of 97Q-Opto in SIS1 overexpressing [PIN*] cells activated a
heat shock element-mediated stress response in the absence of light, similar to untagged
97Q, and activation of 97Q-Opto with blue light led to a two-fold increase of the B-gal reporter
activity (Figure 30A), confirming that light-induced aggregates were also biologically active.
This result further underlined that the aggregation status of a polyQ protein is important for
the HSR induction. As previously reported for non-Opto-tagged expanded polyQ, this result
was dependent on the overexpression of SIS1 (Figure 30B). In contrast, in [pin’] cells, no HSR
was observed for any tested condition, even when cells expressing 97Q-Opto were
illuminated with blue light (Figure 30A). This was the case, although similar amounts of SDS-
resistant aggregates were formed as in the [PIN*] dark condition (Figure 30C), where a mild
HSR induction was observed (Figure 30A). Furthermore, the [pin’] strain remained capable of

initiating a normal HSR at elevated temperature (Figure 30D). This suggested that in addition
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Figure 30: HSR activation by light-induced polyQ-Opto aggregates is dependent on [PIN] prion status. (A) Light-
induced polyQ-Opto aggregates induce a cytosolic HSR in [PIN*] but not [pin’]. B-Gal activity is shown for pHSELacZ-
containing, SIS1-overexpressing [PIN*] and [pin] cells coexpressing a blank vector control, 97Q, mCherry-Opto, 20Q-
Opto or 97Q-Opto from 2 plasmids under the control of a galactose-inducible promoter. Cells were grown either in the
absence (Dark) or presence of blue light (Light) in inducing media for ~23 h. Data represent mean + SD from three
independent experiments, p-values calculated by two-way ANOVA with Bonferroni’s multiple comparisons test. n.s., not
statistically significant. (B) SISI overexpression is required for induction of the HSR by light-induced 97Q-Opto
aggregates. B-Gal activity is shown for pHSELacZ-containing [PIN*] cells expressing a blank vector control, 20Q, 97Q or
97Q-Opto from 2 plasmids under the control of a galactose-inducible promoter. Cells were coexpressing either an
empty vector control (Blank) or overexpressing SIS1 from an additional plasmid under the control of the GPD promoter
(S/1S1 OE) and grown in blue light (unless indicated otherwise) in inducing media for ~23 h. Data represent mean + SD
from three independent experiments. (C) Levels of SDS-resistant 97Q-Opto aggregates. SIS1-overexpressing [PIN*] and
[pin-] cells coexpressing 97Q-Opto from a 2 plasmid under the control of a galactose-inducible promoter were grown
either in the absence (Dark) or presence of blue light (Light) in inducing media for ~23 h. Identical amounts of total
protein from lysates were treated with SDS/DTT and filtered through a 0.2 um cellulose acetate membrane. The
membrane was then processed forimmunodetection with anti-mCherry antibody. Graph depicts densitometric analysis
of material retained on filter membranes. Data represents mean +SD from three independent experiments.
(D) Presence of 97Q-Opto aggregates does not interfere with HSR induction by heat. B-Gal activity was measured in
[pin-] cells expressing the pHSELacZ HSR reporter with SIS1 overexpression and coexpression of empty vector or 97Q-
Opto from 2u plasmids under the control of a galactose-inducible promoter. Cells were grown either in the absence
(Dark) or presence (Light) of blue light in inducing media for ~23 h. Selected samples were subjected to a 1 h heat
treatment at 39 °C prior to analysis. Data represent mean + SD from 3 independent experiments.

to facilitating the aggregation of a polyQ protein, the prion status of the cell also influences

the inducibility of the HSR by polyQ aggregates.

In Chapter |, we demonstrated that soluble oligomers rather than large inclusions are

responsible for induction of the HSR by expanded polyQ (see Chapter I; Klaips et al., 2020).
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Analysis by SDD-AGE revealed that 97Q-Opto in the [PIN*] background formed oligomeric
assemblies (Figure 31A), in addition to the SDS-insoluble aggregates detected by filter
retardation assay (Figure 30C). These oligomeric aggregates were absent in [pin] cells
(Figure 31A). Oligomers formed in [PIN*] cells in a polyQ-length dependent manner
(Figure 31B) and unlike larger SDS-resistant aggregates, remained mostly soluble upon
fractionation via centrifugation (Figure 31C). Sis1 binding to polyQ oligomers is crucial for HSR
induction (see Chapter I; Klaips et al., 2020) and can explain both the induction of the cytosolic
HSR in [PIN*] cells, where soluble polyQ oligomers interact with Sis1, and the absence of a
stress response in [pin] strains, where no oligomeric species are detected
(Figures 31D and 30A), despite the presence of similar amounts of large SDS-resistant

aggregates (Figure 30C).
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Figure 31: [PIN*] cells accumulate polyQ-Opto oligomers. (A) 97Q-Opto forms oligomeric assemblies only in [PIN*]. SIS1-
overexpressing [PIN*] and [pin7] cells coexpressing 97Q-Opto from a 2u plasmid under the control of a galactose-
inducible promoter were grown either in the absence (Dark) or presence of blue light (Light) in inducing media for ~23 h.
Lysates were analyzed by SDD-AGE. The membrane was processed for immunodetection with anti-mCherry antibody.
Separate analysis by SDS-PAGE and immunoblotting for Pgkl served as a loading control. Representative results are
shown from experiments performed in triplicate. (B) Appearance of oligomeric species is Q-length dependent. S/S1-
overexpressing [PIN*] cells coexpressing either 20Q-Opto or 97Q-Opto from 2 plasmids under the control of a galactose-
inducible promoter were grown in the presence of blue light in inducing media for ~23 h. Lysates were analyzed by SDD-
AGE. The membrane was processed for immunodetection with anti-mCherry antibody. Separate analysis by SDS-PAGE
and immunoblotting for Pgkl served as a loading control. Representative results are shown from experiments performed
in triplicate. (C) Oligomeric 97Q-Opto species in [PIN*] are largely soluble. SIS1-overexpressing [PIN*] cells coexpressing
97Q-Opto from a 2 plasmid under the control of a galactose-inducible promoter were grown as in (B). Lysate was
separated into total (Tot.) and soluble (Sol.) fractions by centrifugation (15’000 x g). Samples were treated with SDS/DTT
and analyzed via filtration (top) or by SDD-AGE (middle). The membranes were processed for immunodetection with
anti-mCherry antibody. Separate analysis by SDS-PAGE and immunoblotting for Pgkl served as a loading control.
Representative results are shown from experiments performed in triplicate. (D) Sis1 binds to oligomeric 97Q-Opto in
[PIN*]. Selected samples from (A) were analyzed by SDD-AGE and the membrane was processed for immunodetection
with anti-Sis1 antibody. Separate analysis by SDS-PAGE and immunoblotting for Pgkl served as a loading control.
Representative results are shown from experiments performed in triplicate.
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Toxicity correlates with appearance of oligomeric polyQ species

Having established the importance of cellular background on the formation of soluble
oligomeric species in the context of stress response induction, we next investigated whether
these principles would hold true for other biological effects. Huntingtin exon 1 variants lacking
the poly proline region following the glutamine tract in sequence have been shown to exhibit
Q-length- and aggregation-dependent toxicity when expressed in yeast cells (Dehay and
Bertolotti, 2006; Duennwald et al., 2006a; Duennwald et al., 2006b). To assess whether
polyQ-Opto could also be used to reproduce and investigate the effects of toxic polyQ
aggregation, we designed polyQAP-Opto constructs (Figure 32A). Note that the N-terminal
cMyc-tag was replaced by a Flag-tag, as this was shown to lead to enhanced toxicity
(Duennwald et al., 2006b). Expression of 97QAP-Opto in [PIN*] cells led to a significantly
reduced growth rate of cultures compared to a 25QAP-Opto control (Figure 32B), indicative
of toxicity. Growth in constant blue light further exacerbated this growth defect (Figure 32B),
consistent with aggravated toxicity by enhanced aggregation through light induction.
Interestingly, blue light illumination could not only enhance preexisting toxic effects but also
induce the toxicity of a previously non-toxic construct. While expression of 66QAP-Opto in
[PIN*] cells did not result in reduced growth in the absence of light, the doubling time for
these cells increased significantly upon light activation (Figure 32B). Toxicity correlated
inversely with the expression levels of polyQAP-Opto, as cells are selected for low expression
levels of polyQAP-Opto whenever the conditions would allow them to be toxic. Accordingly,
light activation of 66QAP-Opto expressed in [PIN*] cells led to a dramatic reduction in protein
levels as assessed by fluorescence-activated cell sorting (FACS) (Figure 32C). Note that the
expression levels of tox25Q-Opto seemed to be generally low, likely due a more rapid
turnover of this construct. Analogous to our results for HSR induction (Figure 30A), we did not
observe toxicity for any tested condition in the [pin’] strain (Figure 32B). Moreover, expression

levels of polyQAP-Opto were higher than in the [PIN*] strain (Figure 32C).

Oligomers are believed to be crucial for toxic effects of polyQ and other disease-
associated proteins in neurodegenerative disorders (Arrasate et al., 2004; Behrends et al.,
2006; Haass and Selkoe, 2007; Kayed et al., 2003; Kim et al.,, 2016; Leitman et al., 2013;
Takahashi et al., 2008). We found that toxicity of polyQAP-Opto strongly correlated with the

presence of oligomeric species, as assessed via SDD-AGE analysis (Figure 32D). Not only did
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the amount of detected polyQ oligomers increase for 97QAP-Opto in [PIN*] upon light

activation, but oligomers also appeared de novo for 66QAP-Opto in [PIN*] cells when

A D Dark Light

polyQ-Opto [Myc[JQQQ] PP] L [PINT] [pin] [PIN'] [pin]
polyQAP-Opto [Flag] [QQQ[] 25 66 97 25 66 97 25 66 97 25 66 97-QAP-Opto
Httexon 1 mCherry CRY2(PHR)
4
B | -
[PIN'] [pin’] ! 5
87 A=y
*p < 0.0001 @ Dark o
=6 *p <0.0001 O Light
< 2
(0] [0
£ *p <0.0001 . ‘. 2
= n.s . - o
Y & a . B il S
3 © 0 o/ © o|] (0 © ofe o o
Q2 anti-mCherry
0 d
25QAP 66QAP 97QAP  25QAP 66QAP 97QAP E
c Opto Dark Light
[PIN*] [pin 150 pg 300 ug 150 ug 300 ug
EZO- @ Dark 25
3 Light ns. 66 — [PIN']
157 *p <0.0001 ns.
2 £lo7
o 104 O
Q. g
3 S o5
) (¢)
2 54 .
5 66 [pin]
Q
o
" 25QAP 66QAP 97QAP  25QAP 66QAP 97QAP o7 -
Opto anti-mCherry

Figure 32: Toxicity coincides with presence of polyQAP-Opto oligomers, not insoluble inclusions. (A) Schematic
illustration of polyQAP-Opto construct design. In contrast to polyQ-Opto, polyQAP-Opto constructs lack the poly proline
region (PP) C-terminal to the polyQ tract and contain an N-terminal Flag-instead of a Myc-tag. (B) Light-induced polyQAP-
Opto aggregates are toxic in [PIN*]. [PIN*] or [pin-] cells expressing polyQAP-Opto from 2 plasmids under the control of
a galactose-inducible promoter were grown either in the absence (Dark) or presence of blue light (Light) in inducing
media for ~40 h. Subsequently, ODgoo was measured at multiple time points during log phase growth and doubling times
were calculated. Data represent mean + SD from four independent experiments, p-values were calculated by two-way
ANOVA with Bonferroni’s multiple comparisons test. n.s., not statistically significant. (C) Toxic polyQAP-Opto samples
show reduced expression. [PIN*] or [pinT] cells expressing polyQAP-Opto from 2 plasmids under the control of a
galactose-inducible promoter were grown as in (B). Cells were harvest and mCherry fluorescence was analyzed via FACS.
Data represent mean + SD from three independent experiments, p-values were calculated by two-way ANOVA with
Bonferroni’s multiple comparisons test. n.s., not statistically significant. (D) Presence of oligomeric polyQAP-Opto
coincides with toxicity. [PIN*] or [pin-] cells expressing polyQAP-Opto from 2 plasmids under the control of a galactose-
inducible promoter were grown as in (B). Lysates normalized to equal amounts of polyQAP-Opto were analyzed by
SDD-AGE. Separate dot blot analysis of same samples served as a loading control. Membranes were processed for
immunodetection with anti-mCherry antibody. Representative results are shown from experiments performed in
triplicate. (E) 97QAP-Opto forms SDS-resistant aggregates in [pin-]. [PIN*] or [pin] cells expressing polyQAP-Opto from
2u plasmids under the control of a galactose-inducible promoter were grown as in (B). 300 ug of total protein from
lysates were treated with SDS/DTT and filtered through a 0.2 um cellulose acetate membrane. The membrane was
processed for immunodetection with anti-mCherry antibody. Representative result is shown from experiments
performed in triplicate.
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illuminated with blue light (Figure 32D), in line with a clear growth defect under these
conditions (Figure 32B). Oligomers were only detected in lysates of [PIN*] but not [pin’] yeast
(Figure 32D). Instead, [pin] cells accumulated substantial amounts of SDS-resistant
aggregates (Figure 32E), further emphasizing the notion that large insoluble inclusions are not

the primary toxic species.

Taken together, our results demonstrate that the presence of Rnql prions not only
facilitates polyQ aggregation but also leads to the accumulation of polyQ oligomers
exclusively in [PIN*] cells. The presence of these soluble polyQ oligomers and their interaction
with cellular factors, such as Sis1, further defines downstream biological effects of expanded

polyQ including induction of the HSR and growth retardation.

Soluble polyQ interacts with Rngl prions

Earlier, we ruled out a general limitation of proteostasis capacity as the reason for the
different aggregation behavior of polyQ in isogenic [PIN*] and [pin’] strains (Figures 22
and 23). Being in a position to investigate biologically relevant aggregation events in these
different cell-types, we next sought to identify interactors that could modulate the

aggregation process of 97Q-Opto directly and allow the formation of oligomeric species in
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Figure 33: Experimental design of 97Q-Opto interactome analysis. (A) Schematic workflow for 97Q-Opto interactome
analysis. [PIN*] and [pin-] cells expressing 97Q-Opto from an integrated endogenous locus under the control of the GPD
promoter were either grown in the absence (Dark) or presence of blue light (Light) prior to harvest and cell lysis. Samples
were split in total lysate and soluble fraction before performing an IP against the cMyc-tag on the N-terminus of 97Q-
Opto. Samples were digested on column and analyzed via label-free mass spectrometry. All experimental steps from cell
harvest to on column digest were performed in the absence of blue light. (B) Comparison of different conditions allows
the uncoupling of prion-derived and light-induced aggregation and illuminate the influence of the [PIN] prion status on
these processes.
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[PIN*] but not [pinT] cells. To this end, we examined the interactome of 97Q-Opto via label-
free proteomics following IP (Figure 33A). Inducing polyQ aggregation with light allowed us
to investigate the interactome of 97Q-Opto under various conditions in isogenic strains
(Figures 33A and B). The comparison of [PIN*] and [pin] conditions offered insights into
specific interactors that are affected by the prion status of the yeast background. Comparing
conditions of growth in either the absence or presence of blue light identified interactors
specific to increased aggregation. Finally, dividing each sample into a total lysate and a soluble

fraction allowed to further define the stage at which potential interactions are taking place.

We detected 212 significantly enriched interactors (>1.5-fold enriched; p < 0.05) of
97Q-Opto in total lysate of [PIN*] relative to [pin’] cells (Figure 34A). Among the most enriched

interactors we identified the prion proteins Rngl, Pin3 and Sup35, as well as Gts1, Sgt2 and
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Figure 34: 97Q-Opto is highly interactive in a [PIN*] strain. (A, B) 97Q-Opto interacts with other proteins preferably in
[PIN*]. Volcano plot representations of label-free interactome analyses of 97Q-Opto after anti-cMyc IP from total lysates
of [PIN*] and [pin-] cells grown in the absence (A) or presence (B) of light. Data based on four independent experiments.
Significantly enriched proteins (> 1.5-fold enrichment, p < 0.05) are marked in blue. Prion-like proteins are marked in
red. Selected hits are annotated. (C, D) Soluble 97Q-Opto interacts with Rnql in [PIN*]. Volcano plot representations of
label-free interactome analyses of 97Q-Opto after anti-cMyc IP from soluble lysate fractions (supernatant after
centrifugation at 15’000 x g) of [PIN*] and [pin‘] cells grown in the absence (C) or presence (D) of light. Data based on
four independent experiments. Significantly enriched proteins (> 1.5-fold enrichment, p < 0.05) are marked in blue.
Prion-like proteins are marked in red. Selected hits are annotated.
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Sis1, which have previously been described as prion-like proteins based on the presence of

characteristic low complexity sequences (Alberti et al., 2009). The number of interactors

increased to 453 upon illumination of cells with blue light (Figure 34B). These results were not

only in line with the enhanced aggregate formation of 97Q-Opto as a result of light induction

but also with previous studies showing that polyQ aggregates possess the ability to interact

with and sequester a wide range of proteins, including proteostasis components and prion-

like proteins (Kim et al., 2002; Kim et al., 2016; Park et al., 2013; Ripaud et al., 2014).

Given the importance of soluble polyQ oligomers in mediating biological effects,

crucial interactions of 97Q-Opto and its partner most likely happen early, at a soluble level.

An analysis of the soluble lysate fractions (supernatant after centrifugation at 15’000 x g)
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Figure 35: Soluble 97Q-Opto interacts with Rnq1 prions in [PIN*]. (A) Overlap of interactors of soluble (top circles,
related to Figures 34C and D) or total (bottom circles, related to Figures 34A and B) 97Q-Opto in [PIN*] in the absence
(Dark, left) or presence of blue light (Light, right). Prion-like interactors are annotated. (B) Schematic representation of
the relative enrichment of selected prion-like proteins in the interactomes of 97Q-Opto after anti-cMyc IP from soluble
lysate fractions. Data based on four independent experiments. Weight of connecting line between conditions indicates
significance (bold = p <0.05), area of circle represents relative enrichment normalized to the least enriched condition
for each protein. n.s., not statistically significant.
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detected 62 significant interactors of 97Q-Opto in [PIN*] cells (Figure 34C), increasing only
slightly to 72 upon blue light illumination (Figure 34D). Many interactors that were identified
in the total 97Q-Opto interactome in [PIN*] cells were also found among its soluble
interactors, including Rngl, Pin3 and Sis1 as well as other prion-like proteins generally rich in
glutamine and asparagine residues (Figures 35A and 34). The interaction of these factors
agrees with our earlier findings and previously published literature demonstrating that polyQ
proteins are able to interact with proteins with similar biophysical characteristics (Kayatekin
et al., 2014; Ripaud et al., 2014; Wolfe et al., 2014). Remarkably, Rng1 was at least ~ 10-fold
more enriched in the soluble 97Q-Opto interactome of [PIN*] cells and ~ 10-100-fold more
abundant (based on intensity based absolute quantification, iBAQ (Schwanhausser et al.,
2011)) than the other prion-like proteins, reaching a molar ratio of soluble polyQ to Rnql of
~5:1 (Figure 35B).

The proteomic analyses revealed that 97Q-Opto interacts strongly with cellular
proteins. While its prion-dependent, aggregated form seems to be the most interactive
species, interactions taking place on the soluble level are crucial for understanding the
difference between the behavior of polyQ in [PIN*] and [pin] strains. The interaction of
soluble 97Q-Opto with Rnql is specific for the [PIN*] prion state, in line with a model in which
Rngl prions serve as a catalyst to facilitate polyQ aggregation and oligomer formation via

templated cross-seeding.

PolyQ oligomers form through direct interaction with Rnq1 prions

To further test this model of prion-mediating templating, we performed in vitro aggregation
assays of purified Huntingtin exon 1 based on a previously established protocol (Muchowski
et al., 2000; Scherzinger et al., 1997) (Figure 36A). In brief, expanded polyQ protein can be
expressed recombinantly and purified in a soluble form when fused to a glutathion
S-transferase (GST) solubility tag. After proteolytic removal of this solubility tag via an
engineered PreScission protease cleavage site, the released polyQ fragment rapidly forms
SDS-insoluble aggregates. Aggregation can be monitored via filter retardation or SDD-AGE
analysis. We performed experiments with a 54Q-expansion protein (Htt54Q) as proteins with

longer polyQ expansions are difficult to produce recombinantly due to their high aggregation
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Figure 36: In vitro polyQ aggregation assay. (A) Workflow of in vitro polyQ aggregation assay. Aggregation is initiated
by proteolytic cleavage of GST-cMycHtt54Q. Samples are taken after different time intervals and reactions analyzed by
filter retardation assay or SDD-AGE. (B) PolyQ forms aggregates in vitro upon proteolytic removal of solubility tag.
Samples of in vitro aggregation reactions of Htt54Q with or without the addition of protease to remove the GST solubility
tag were taken at indicated time points of incubation. Samples were treated with SDS/DTT before they were filtered
through a 0.2 um cellulose acetate membrane. Membrane was processed for immunodetection with anti-cMyc
antibody. A representative result is shown from experiments performed in triplicate. (C) Aggregation of polyQ in vitro is
Q-length dependent. Samples of in vitro aggregation reactions of Htt20Q or Htt54Q were taken at indicated time points
after addition of protease to remove the GST solubility tag and analyzed as in (B). A representative result is shown from
experiments performed in triplicate.

propensity (Scherzinger et al., 1997). In vitro, Htt54Q, but not Htt20Q, selectively formed large
SDS-resistant aggregates upon proteolytic removal of the GST solubility tag, as assessed via

filter retardation (Figures 36B and C).

When reactions were performed in the presence of diluted cell lysate from either
[PIN*] or [pin] yeast cells (4.4 mg total protein/mL), formation of large SDS-resistant
aggregates was delayed significantly in both samples (Figure 37A). Prevention of aggregation
occurred irrespective of the prion status of the yeast strain, suggesting equal anti-aggregation
activities in both strains. These observations could not be explained by a general protein
effect, as the presence of ovalbumin (OVA) at equivalent concentration (4.4 mg/mL) did not
delay formation of large aggregates significantly (Figure 37B). Furthermore, neither the
presence of ovalbumin nor of yeast cell lysate prevented the proteolytic removal of the GST-

tag from Htt54Q (Figure 37C).

We could not identify any oligomeric species when aggregation reactions in the
presence of yeast lysate were analyzed via SDD-AGE (Figure 38A), suggesting that the
concentration of Rnql prions in the diluted cell lysate was too low to recapitulate the
observations in vivo. As the dilution of lysate is inevitable due to experimental constraints, we
overexpressed RNQI1-GFP in [PIN*] and [pin] cells to approach physiological Rnqgl
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Figure 37: Addition of yeast lysate delays aggregation of polyQ in vitro. (A) Presence of yeast lysate delays aggregation
of polyQ in vitro. Samples of in vitro aggregation reactions of Htt54Q in the presence of reaction buffer or yeast lysate
(4.4 mg total protein/mL) from either [pin-] or [PIN*] strains were taken at indicated time points after addition of protease
to remove the GST solubility tag. Samples were treated with SDS/DTT and filtered through a 0.2 um cellulose acetate
membrane. Membranes were then processed for immunodetection with anti-cMyc antibody. Representative results are
shown from experiments performed in triplicate. Membranes were analyzed via densitometry. Data represent mean
+ SD. Each replicate was normalized to the most intense data point. (B) Presence of ovalbumin does not significantly alter
aggregation of polyQ in vitro. Samples of in vitro aggregation reaction of Htt54Q in the presence of ovalbumin
(4.4 mg/mL) were taken at indicated time points after addition of protease to remove the GST solubility tag. Samples
were analyzed via filtration as in (A). A representative result is shown from experiments performed in triplicate.
(C) Presence of yeast lysate does not prevent the proteolytic removal of the solubility tag. In vitro aggregation reactions
of Htt54Q were performed either in buffer only, in the presence of ovalbumin or yeast lysate from [PIN*] or [pin7] cells.
Samples were taken at indicated time points before (0) or after (30, 60) addition of protease to remove the GST solubility
tag and were analyzed by SDS-PAGE and immunoblotting for cMyc. Representative result is shown from experiments
performed in triplicate.

concentrations in the in vitro reaction setup. As shown earlier, Rnq1-GFP is soluble in [pin’]
cells but forms prions in [PIN*] and is therefore suited for artificially increasing the Rng1l prion
concentration in the lysate (Figure 21). Indeed, when in vitro aggregation reactions were
performed in the presence of [PIN*] and [pin’] lysate of RNQI-GFP overexpressing cells,
oligomer formation could readily be detected in the [PIN*] but not the [pin’] background,
recapitulating our in vivo observations (Figure 38B). In addition to the polyQ oligomers, we
also observed the formation of larger polyQ aggregates, which migrated on the top of the
SDD-AGE gel (Figure 38B). Importantly, formation of polyQ oligomers coincided with a
decrease in monomeric species (Figure 38B), indicating that Rng1 prions directly mediate the
de novo formation of oligomers. Immunoblotting for Rng1-GFP revealed the presence of Rnql

prion aggregates specifically in [PIN*] lysate (Figure 38C). These prions migrated
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independently of the polyQ oligomers (Figure 38C), indicating that these two species did not
interact stably under the conditions of SDD-AGE, in line with a catalytic templating function

of Rnql prions.
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Figure 38: Interaction of soluble polyQ with Rnq1 prions catalyzes polyQ oligomer formation in vitro. (A) Presence of
yeast lysate does not lead to oligomer formation. Samples of in vitro aggregation reactions of Htt54Q in the presence of
yeast lysate (4.4 mg total protein/mL) from either [pin’] or [PIN*] strains were taken at indicated time points after
addition of protease to remove the GST solubility tag. Samples were analyzed via SDD-AGE. Membranes were processed
for immunodetection with anti-cMyc antibody. Representative result is shown from experiments performed in triplicate.
(B) Interaction with Rnq1 prions leads to the formation of polyQ oligomers in vitro. Aggregation of Htt54Q was initiated
by proteolytic removal of the GST solubility tag in in vitro reactions containing yeast lysate (4.4 mg total protein/mL)
from [pin-] or [PIN*] cells overexpressing RNQ1-GFP. Samples were taken at indicated time points after addition of
protease and analyzed by SDD-AGE as in (A). Membrane was processed for immunodetection with anti-cMyc antibody.
Representative result is shown from experiments performed in triplicate. (C) Oligomeric species of polyQ and Rng1-GFP
prions co-migrate. Membrane shown in (B) was stripped, blocked, and processed for immunodetection with anti-GFP
antibody. Signals from anti-cMyc (magenta) and anti-GFP (green) detection are overlaid. Representative result is shown
from experiments performed in triplicate.
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Figure 39: PolyQ oligomers form through direct interaction with Rnq1 prions. (A) Schematic workflow of sample preparation
for in vitro aggregation reaction in the presence of immobilized Rnq1-GFP. Anti-GFP beads were added to lysate of [pin’] or
[PIN] cells overexpressing RNQ1-GFP and incubated overnight. Rnq1l-GFP-loaded beads were isolated and mixed with [pin-]
cell lysate. Htt54Q aggregation reactions were performed in this suspension. At different time points, supernatant was
separated from the beads by centrifugation and samples were taken for analysis by SDD-AGE (see (B) and (C)). Throughout
the preparation process and the aggregation reaction, samples were taken for SDS-PAGE analysis (a, before bead incubation;
b, after bead incubation; c, beads; d, supernatant; see (D)) (B) Immobilized Rnql prions can catalyze polyQ oligomer
formation in vitro. Aggregation reactions were performed in [pin’] cell lysate (4.4 mg total protein/mL) in the presence of
Rngl-GFP-loaded beads from either [pin‘] or [PIN*] cells overexpressing RNQ1-GFP. As a control, aggregation reaction was
performed in [pin] cell lysate without addition of beads. Analysis by SDD-AGE, followed by immunodetection with anti-cMyc
antibody. A representative result is shown from experiments performed in triplicate. (C) PolyQ oligomer formation plateaus
after extended reaction time. Aggregation reaction was performed as in (B), but extended time points were chosen. Analysis
by SDD-AGE, followed by immunodetection with anti-cMyc antibody. A representative result is shown from experiments
performed in triplicate. (D) Rngl prions remain immobilized to beads throughout the aggregation reaction. Samples taken
at different stages of the experimental procedure described in (A) were analyzed for the presence of Rnq1-GFP by SDS-PAGE
and immunodetection with anti-GFP antibody. Rnq1-GFP amounts loaded are directly comparable. A representative result
from experiments performed in triplicate is shown.
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To further test the dynamic nature of the interaction of polyQ with Rnql prions, we
immobilized Rng1-GFP prions on anti-GFP beads and added them to [pin’] lysate, which does
not support the formation of Htt54Q oligomers (Figures 39A and 38A). Addition of beads
incubated with Rnq1-GFP aggregates of [PIN*] cells but not with soluble Rnq1-GFP of [pin’]
cells allowed the formation of oligomeric Htt54Q even in non-permissive [pin] lysate
(Figure 39B). The appearance of oligomers in the presence of immobilized Rnql prions was
delayed compared to a reaction in [PIN*] lysate with Rnq1-GFP overexpression (Figures 39B
and 38B), most likely due to the limited mobility of bead-bound prions and less accessible
surface. PolyQ oligomer formation plateaued after approximately 10 h of incubation
(Figure 39C). While the polyQ oligomers were detected in the supernatant fraction of the
aggregation reaction, Rnql-GFP aggregates remained bound to the beads throughout the
assay (Figure 39D), confirming the transient nature of the interaction of Rngl prions with

polyQ.

Taken together, proteomic analysis and aggregation reactions in vitro revealed the
transient interaction of soluble polyQ with Rngl prions specifically in the [PIN*] background.
Rngl prions not only function as catalysts to stimulate polyQ aggregation but also mediate
the formation of polyQ oligomers, which are responsible for downstream biological effects

such as HSR induction and toxicity.
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Discussion

The yeast S. cerevisiae has proven to be an invaluable model for the study of protein
aggregation associated with expanded polyQ proteins in Huntington’s disease and other
related polyQ pathologies (Di Gregorio and Duennwald, 2018; Duennwald, 2011; Khurana and
Lindquist, 2010; Winderickx et al., 2008). While among the simplest eukaryotic model
organisms, yeast resemble mammalian cells in their varied susceptibility to the aggregation
propensity of polyQ proteins (Meriin et al., 2002; Osherovich and Weissman, 2001). Here we
took advantage of the dependence of polyQ aggregation and toxicity on the presence of
prions to obtain insight into how the cellular environment effects the aggregation process.
We overcame the prion requirement using a novel optogenetic approach to induce polyQ
aggregation via the photoreceptor protein CRY2 even in a non-permissive, prion-free [pin’]
yeast strain, enabling the comparison of polyQ aggregation in isogenic [PIN*] and [pin’] cells.
While the light-induced aggregates in [pin’] cells replicated typical characteristics of polyQ
inclusions in [PIN*] strains, including partial SDS-resistance, solubility in formic acid and the
ability to sequester proteins with polyQ sequences below the threshold for aggregation, they
failed to result in biological consequences such as induction of the HSR or toxicity. We
presented evidence that these biological effects depend on the prion-dependent aggregation
status of polyQ, specifically on the prion-mediated formation of soluble oligomers, in line with
previous reports implicating toxic oligomers in neurodegeneration (see Chapter |; Arrasate et
al., 2004; Behrends et al., 2006; Haass and Selkoe, 2007; Kayed et al., 2003; Kim et al., 2016;
Klaips et al., 2020; Leitman et al., 2013; Takahashi et al., 2008). These toxic oligomers are not
generated in [pinT] cells, even when polyQ aggregation is induced optogentically. We found
that direct interactions of soluble polyQ with Rnql prions, rather than an indirect effect of
limited proteostasis capacity in [PIN*] cells, is the cause of polyQ aggregation and specifically
the formation of oligomeric species. We confirmed this interaction both in vivo and in vitro.
Thus, while the prion requirement can be circumvented to induce large SDS-resistant
aggregates artificially with polyQ-Opto in the [pin]] background, the lack of Rnql prions
prevents the formation of soluble oligomeric species and their biological effects (Figure 40A).
In [PIN*], the polyQ aggregation trajectory is profoundly influenced by the presence of Rnql
prions. Here, polyQ forms large SDS-resistant aggregates as well as soluble oligomers, through

direct templating on Rng1l prions. The oligomers are highly interactive and sequester a wide
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Figure 40: Model. (A) Optogenetic aggregation in [pin’] cells. Light-induced condensate formation of polyQ-Opto
monomers facilitates aggregate nucleation of locally clustered polyQ sequences and leads to the formation of SDS-
resistant aggregates with limited ability to sequester other proteins. Accumulation of soluble polyQ oligomers as
aggregation intermediates is prevented. (B) Aggregation in [PIN*] cells. Soluble polyQ protein interacts with Rng1 prions,
which offer a surface for templating aggregation. Through this interaction, polyQ monomers adopt aggregation-
competent secondary structures and interact with similarly misfolded polyQ proteins, resulting in the formation of

soluble oligomers. These oligomers convert slowly to insoluble aggregates and engage in aberrant interactions with
multiple endogenous proteins, resulting in toxic effects reflected in growth inhibition and the induction of the HSR.

range of cellular proteins, contributing to toxic effects such as heat stress response induction
and toxicity (Figure 40B). Activation of polyQ-Opto with light in [PIN*] cells further increased

formation of aggregated species and enhanced their inherent biological consequences.

The scope of the phenomenon that we describe here extends beyond the already
established dependence of polyQ aggregation on the prion state of a yeast strain (Meriin et
al., 2002; Osherovich and Weissman, 2001). Our finding that not a generalized proteostasis
collapse but the direct interaction of polyQ with other protein aggregates — here the prion
form of Rngl —catalyzes the aggregation of polyQ into toxic oligomeric species suggests a
possible cause for the aggregation of disease-related proteins in the neuronal systems of
higher organisms. However, while our results are in line with the well-established
phenomenon of cross-seeding of misfolded proteins In the neuronal system (Giasson et al.,
2003; Guo et al., 2013; Morales et al., 2013; Vasconcelos et al., 2016), the question arises how
this hypothesis can be reconciled with the long-held belief that a general decrease in

proteostasis capacity with age directly causes aggregation of disease-relevant proteins
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(Douglas and Dillin, 2010; Hipp et al., 2014; Klaips et al., 2018). We propose that the well-
established decline in proteostasis capacity with progressing age leads to the formation of
endogenous prion-like protein aggregates, which in turn function as catalysts to template the
aggregation of polyQ and lead to the formation of toxic oligomers, causing the manifestation
of neurodegenerative phenotypes. Similar cross-seeding events could also play a pathological

role in other neurological disorders.

To determine whether our hypothesis is compatible with previous reports in higher
organisms, we collated data from three depositories for mammalian prion-like proteins
(Angarica et al., 2014; Iglesias et al., 2019; March et al., 2016). Such proteins possess extended
low complexity regions (LCRs), rendering them aggregation prone due to their biophysical
characteristics (Kato et al., 2012; Sprunger and Jackrel, 2021; Vecchi et al., 2020; Zbinden et
al., 2020). It has been shown that soluble polyQ oligomers are highly interactive in a
mammalian cell culture model, binding a plethora of cellular factors ranging from proteostasis
components to transcription or RNA processing factors (Kim et al., 2016). We found a
significant enrichment of prion-like proteins among these interactors of soluble polyQ, similar
to our observations in yeast. Among the interactors of soluble polyQ species are also TDP43
and FUS, proteins associated with other neurodegenerative diseases (Chen-Plotkin et al.,
2010; Deng et al., 2014; Zbinden et al., 2020). In addition, TDP43 has been demonstrated to
participate in cross-seeding aggregation of Tau in vitro (Montalbano et al., 2020).
Interestingly, the LCR amino acid composition of many of these interactors of soluble polyQ
exhibit an enrichment of glutamine, asparagine, and glycine residues, similar to LCRs found in

the prion domain of yeast Rnql (Figure 41A).

Neurons are particularly sensitive to pathological protein aggregation, such as polyQ
(Fu et al., 2018; Saudou and Humbert, 2016). We next carried out an in-depth analysis of
previously published extensive proteomics data on primary cultured mouse brain cells and
corresponding brain tissue samples (Sharma et al., 2015) and found a strong enrichment of
aggregation-prone prion-like proteins in the proteome of neurons compared to other cell
types such as oligodendrocytes, astrocytes or microglia (Figure 41B), possibly rendering them
more vulnerable to general protein aggregation. Revisiting proteomics data for age-
dependent protein aggregation in the nematode C. elegans showed that the few prion-like

proteins annotated for this organism are not only among the proteins with the highest
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aggregation propensity (Figure 41C), but these proteins also display pronounced age-
dependence of aggregation (Vecchi et al., 2020; Walther et al., 2015) (Figure 41D), a

phenomenon recently recapitulated in the aging vertebrate brain (Harel et al., 2022).

In summary, our experimental results in S. cerevisiae and in vitro combined with the
analysis of previous studies in higher model organisms suggest a role of general, age-
dependent protein aggregation in the pathology of neurodegenerative diseases. The decrease

of proteostasis capacity with age causes many proteins, especially aggregation-prone prion-
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Figure 41: Prion hypothesis of polyQ aggregation. (A) LCRs of mammalian prion-like proteins share similarity with the
prion domain of Rnql. The amino acid composition of LCRs of yeast Rnql and mammalian interactors of soluble polyQ,
HNRNPU, ILF3 and HNRNPDL, is shown. LCRs were identified using the SEG algorithm (Wootton and Federhen, 1993).
For Rngl the average composition of the three LCRs located in the prion-domain is shown. Lengths of LCRs are indicated.
(B) Prion-like proteins are enriched in neurons. Proteome analysis from Sharma et al. (2015) indicating the number of
significantly enriched prion-like proteins identified in neurons extracted from mouse brain in comparison to astrocytes,
microglia, and oligodendrocytes. (C) Prion-like proteins are among the most aggregation prone proteins in C. elegans.
Aggregation propensities calculated in Walther et al. (2015) as percentage of protein found in the insoluble fraction
relative to its total amount. Prion-like proteins are annotated. (D) Prion-like proteins become insoluble with age in
C. elegans. Abundance of individual proteins found in the insoluble fraction comparing old (day 12, D;;) and young
(day 0, Do) worms, as determined in Walther et al. (2015). Prion-like proteins are annotated.
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like proteins, to undergo aggregation. Once these aggregates are formed, they present a
potent interaction partner and can cross-seed the aggregation of disease-relevant proteins
such as Huntingtin. Oligomeric species that arise during this catalytic templating have the
potential to confer biological consequences. Cells with high expression levels of prion-like
proteins, such as neurons, are particularly at risk of experiencing global protein aggregation,
explaining the selective vulnerability observed in many neurological disorders despite the
ubiquitous expression pattern of disease proteins including Huntingtin or Tau. Therapeutic
studies in neurodegenerative diseases have so far mainly been focused on amyloid aggregates
that are notoriously tough to fight. Refocusing on reducing the load of “benign” protein
aggregation through increasing proteostasis capacity could therefore present a promising

strategy in reducing or delaying the aggregation of disease-relevant proteins.
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Conclusions

Neurodegenerative diseases have been investigated for more than a century and yet we are
far from understanding the mechanisms underlying these maladies. Despite its simple
unicellular organization, the yeast S. cerevisiae has been an important model organism to
study biochemical principles of neurodegeneration such as disease-associated protein
misfolding and aggregation. Many findings could be reproduced in higher model organisms
and mammalian neuronal cell culture, underscoring the immense contribution research in
S. cerevisiage has made towards tackling of what amounts to one of the major medical
challenges of our time. In this work, we used a model protein based on polyQ-expanded
Huntington exon 1 and applied recent technological advances in the field of optogenetics. We
demonstrated how pathological protein aggregation is influenced by the yeast strain
background, how cellular factors such as chaperones can influence aggregate formation and
morphology, and how all of these contributions define downstream biological effects such as
heat stress response induction and toxicity. Based on our results obtained in S. cerevisiae, we

confirmed conservation of these principles in mammalian cells.

The phenomenon of selective vulnerability to protein aggregation known from the
neuronal system has also been observed in yeast. Here, we demonstrated how preexisting
protein aggregates in the form of the Rngl prion catalyze the aggregation of expanded polyQ,
both in vivo and in vitro, and showed that this transient cross-seeding mechanism leads to the
formation of soluble polyQ oligomers responsible for biological effects such as toxicity. After
in-depth analysis of previously published proteomics data, we suggest a similar underlying
principle of templated cross-seeding for pathological protein aggregation in higher eukaryotic
organisms. Our findings offer a synthesis of two prevalent models explaining the appearance
of disease-associated protein aggregates: cross-seeding and proteostasis decline. We suggest
that age-associated decline in proteostasis capacity increases the risk of aggregation of prion-
like proteins, which, in turn, could template aggregation of disease-relevant proteins such as

Huntingtin in neurological disorders.

The cytosolic heat stress response is a powerful defense mechanism of cells to
counteract proteostasis imbalance and the aberrant misfolding and aggregation of proteins.

We observed that higher levels of the Hsp40 Sisl lead to a more effective recognition of
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pathological protein aggregates and the activation of beneficial stress response pathways.
However, cells limit the expression of Sisl to avoid maladaptation and overshooting stress
responses. Our finding illustrates how the proteostasis network has evolved to a fine-tuned
system that needs to keep the balance between sensitive and dynamic responses towards
compromising conditions and safeguarding valuable energy and chemical resources to remain

able to fight detrimental stresses effectively.

The findings we presented in this work not only help advance our understanding of
biochemical principles of disease-relevant protein aggregation and cellular responses to it,
but they also offer important insights for the development of therapeutic strategies for
neurodegenerative diseases. So far, therapies have been focused on the clearance of specific
pathological inclusions, rather than on ways to generally improve proteostasis, in order to
reduce toxicity. Our work, together with many previously published studies, suggests that not
large SDS-resistant inclusion but soluble oligomeric species represent the primary toxic
species. Thus, intervention at later stages of aggregate manifestation may miss the real
problem. In contrast, boosting proteostasis capacity, e.g., through intermittent
pharmacologic induction of the cytosolic stress response, has the potential to decrease the
load of prion-like protein aggregates that naturally appear with an age-dependent decline in
proteostasis capacity. In turn, this can help reduce the likelihood of disease-associated
protein aggregation, as critical interaction partners for cross-seeding are reduced. We
demonstrated that the HSR can be induced in a specific aggregate dependent way by the
overexpression of a single proteostasis component, thus minimizing the risk of possible side

effects.
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Materials and Methods

General materials and methods

In this section, information regarding all materials and methods relevant for both chapters of

this work are listed.

Materials
Listed here you will find all materials used in this work, their source (manufacturer, website,

etc.) and unique identifier (catalogue number, accession number, etc.).

Antibodies
Antibodies used in this work can be found in Table 1. Listed are the manufacturer as well as

the respective catalogue number and unique antibody identifier (RRID).

Table 1: Antibodies used in this work.

Antibodies Source Identifier
. . Cat.#M11217;
mCherry Monoclonal Antibody (16D7) Invitrogen
RRID:AB_2536611
. . Cat.#459250;
PGK1 Monoclonal Antibody (22C5D8) Invitrogen
RRID:AB_2532235
. . . . Cat.#COP-080051;
Anti Sis1(Dnaj) pAb (Rabbit) Cosmo Bio USA
RRID:AB_10709957
. . . . Cat.#M5546;
Monoclonal Anti-c-Myc antibody produced in mouse Sigma
RRID:AB_260581
Anti-Rat 1gG (whole molecule)-Peroxidase antibody produced S Cat.#A9037;
igma
in goat & RRID:AB_258429
Anti-Mouse I1gG (whole molecule)—Peroxidase antibody S Cat.#A4416;
igma
produced in goat 8 RRID:AB_258167
Anti-Rabbit IgG (whole molecule)—Peroxidase antibody S Cat.#A9169;
igma
produced in goat 8 RRID:AB_258434

Bacteria strains
Table 2 contains information on bacteria strains that were used in this work, their

manufacturer and respective catalogue number.
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Table 2: Bacteria strains used in this work.

Bacteria strains Source Identifier
E. coli BI21(DE3) Sigma Cat.#69450
E. coli DH5a Invitrogen Cat.#18265017

Chemicals, peptides and recombinant proteins

All basic chemical compounds used in this work were either purchased from Sigma-Aldrich or

Carl Roth. Other, specific chemicals, peptides and recombinant proteins are listed in Table 3.

Table 3: Chemicals, peptides and recombinant proteins used in this work.

Chemicals, peptides, and recombinant proteins Source Identifier
2-Nitrophenyl B-D-galactopyranoside (ONPG) Sigma Cat.#N1127
Aatll restriction enzyme New England BiolLabs Cat.#R0117
Aflll restriction enzyme New England BiolLabs Cat.#R0520
BamHI restriction enzyme New England BiolLabs Cat#R0136
BD Difco Yeast Nitrogen Base w/o Amino Acids Fisher Scientific Cat.#291920
Bglll restriction enzyme New England BiolLabs Cat.#R0144
Bsgl restriction enzyme New England BiolLabs Cat.#R0559
Bsu36l restriction enzyme New England BiolLabs Cat.#R0524
cOmplete, EDTA-free Protease Inhibitor Cocktail Roche Cat.#COEDTAF-RO
Concanavalin A from Canavalia ensiformis Sigma Cat.#C2010
Cycloheximide Sigma Cat.#01810
Doxycycline Sigma Cat.#D3072
Dralll restriction enzyme New England BiolLabs Cat.#R3510
EcoRl restriction enzyme New England BiolLabs Cat.#R3101
Gibco Geneticin Selective Antibiotic (G418 Sulfate) Thermo Scientific Cat.#10131027
Gibco Bacto Peptone Thermo Scientific Cat.#211820
Gibco Bacto Yeast Extract Thermo Scientific Cat.#212750
Gibson Assembly Master Mix New England BiolLabs Cat.#2611
GST-PreScission Protease MPI Biochemistry N/A
Guanidine-HCI Solution (8M) Thermo Scientific Cat.#24115
Herring Sperm DNA Solution Thermo Scientific Cat.#15634017
Isopropyl B-D-1-thiogalactopyranoside (IPTG) Roth Cat.#CNO08.3
Kpnl restriction enzyme New England BiolLabs Cat.#R3142
Mlul restriction enzyme New England BiolLabs Cat#R0198
Ndel restriction enzyme New England BiolLabs Cat.#R0111
n-Octyl-B-D-glucopyranoside (OGP) Roth Cat.#CN23.1
Pvul restriction enzyme New England BiolLabs Cat.#R0150
Q5 High-fidelity DNA Polymerase New England BioLabs Cat.#0491
Sacl restriction enzyme New England BiolLabs Cat.#R3156
Sall restriction enzyme New England BiolLabs Cat.#R3138
Serratia marcescens DNase MPI Biochemistry N/A
Spel restriction enzyme New England BiolLabs Cat.#R3133
Stul restriction enzyme New England BiolLabs Cat.#R0187
T7 DNA Ligase New England BiolLabs Cat.#0318
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Chemicals, peptides, and recombinant proteins Source Identifier
Trypsin recombinant, Proteomics Grade Roche Cat.#RTRYP-RO
Xbal restriction enzyme New England BiolLabs Cat.#R0145
Xhol restriction enzyme New England BiolLabs Cat.#R0146
Xmal restriction enzyme New England BiolLabs Cat#R0180
SYBR Safe DNA Gel Stain Thermo Scientific Cat.#533102

Commercial assays and kits

All commercial assays and kits that were used in this work are listed in Table 4. The respective

manufacturer and corresponding catalogue numbers are specified as well.

Table 4: Commercial assays and kits used in this work.

Commercial assays and kits Source Identifier
Bio-Rad Protein Assay Kit Bio-Rad Laboratories Cat.#5000001
Immobilon Classico Western HRP Substrate Millipore Cat.#WBLUCO0500
Pierce Rapid Gold BCA Protein Assay Kit Thermo Scientific Cat.#A53227
QlAprep Spin Miniprep Kit QIAGEN Cat.#27106X4
Wizard SV Gel and PCR Clean-Up System Promega Cat.#A9282

Data

This work produced new mass spectrometry data sets and reanalyzed previously published

ones. Information on the source of these data sets as well as their accession number for the

public ProteomeXchange database are listed in Table 5.

Table 5: Data generated and analyzed in this work.

Deposited data

Source

Identifier

Proteomic dataset

Chapter Il of this study;
Gropp et al., 2022

Figures 22, 34, 35
ProteomeXchange:
PXD031337

Proteomic dataset (related to Chapter Il Discussion)

Kim et al., 2016

Figure 41
ProteomeXchange:
PXD003446

Proteomic dataset (related to Chapter Il Discussion)

Sharma et al., 2015

Figure 41
ProteomeXchange:
PXD001250

Proteomic dataset (related to Chapter Il Discussion)

Hosp et al., 2017

Figure 41
ProteomeXchange:
PXD004973

Proteomic dataset (related to Chapter Il Discussion)

Walther et al., 2015

Figure 41
ProteomeXchange:
PXD001364
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Software and algorithms

For the analysis of experimental data and acquired images, specialized software platforms

and algorithms were used that are listed in Table 6. Wherever applicable, the original

publication is referenced together with an online link.

Table 6: Software and algorithms used in this work.

Software and algorithms

Source

Identifier

Fiji — ImageJ Image processing package v1.52p

Schindelin et al., 2012

https://imagej.net/
software/fiji/

Ashburner et al., 2000;

http://geneontology.
GO Enrichment Analysis Gene Ontology, 2021; p:/lg y &Y
or
Mi et al., 2019 &
https://www.graph

GraphPad Prism v9.3.1

GraphPad Software

pad.com/scientific-
software/prism/

MaxQuant v1.6.17.0

Cox and Mann, 2008

https://maxquant.net/
maxquant/

Perseus v1.6.12.0

Tyanova et al., 2016

https://maxquant.net/
perseus/

Other materials

All other materials that were not listed in tables above are listed in Table 7. For each of these

materials the manufacturer and — wherever available — catalogue number is mentioned.

Table 7: Other material used in this work.

Other

Source

Identifier

MMACS c-myc Isolation Kit

Miltenyi Biotec

Cat.#130-091-123

MMACS Columns

Miltenyi Biotec

Cat.#130-042-701

MMACS GFP Isolation Kit

Miltenyi Biotec

Cat.#130-091-125

p-Slide VI-Flat Imaging Chambers Ibidi Cat.#80621
Amersham ImageQuant 800 Western Blot Imaging System Cytiva Life Sciences Cat.#29399481
Amersham Protran Western Blotting Membranes,

nitrocellulose Merck Cat.#GE10600002
Attune NxT Flow Cytometer Thermo Scientific N/A
Biometra TRIO Thermocycler Analytik Jena Cat.#846-2-070-724
Bioruptor Plus sonication device Diagenode Cat.#B01020001
Cellulose acetate Membrane - OE66 Cytiva Life Sciences Cat.#10404131
EmulsiFlex-C5 High Pressure Homogenizer Avestin N/A
Eppendorf BioSpectrometer basic Eppendorf Cat.#6135000009
FastPrep-24 Classic Bead Beating Grinder and Lysis System MP Biomedicals Cat.#116004500
GFP-Trap Agarose ChromoTek Cat#igta

GSTPrep Fast Flow 16/10

Cytiva Life Sciences

Cat.#GE28-9365-50

HiPrep 26/60 Sephacryl 5-100 HR

Cytiva Life Sciences

Cat.#GE17-1194-01
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Other

Source

Identifier

LED Dash 1.23 m LED Tube 18 Watt 1800 Lumens Blue

Orgon

ASIN#BO71GNZ5YW

NanoDrop One/One® Microvolume UV-Vis

Thermo Scientific

Cat.#ND-ONE-W

Spectrophotometer

NuPAGE 4-12% Bis-Tris Gels, 1mm, 10 wells Invitrogen Cat.#NP0321BOX
NuPAGE 4-12% Bis-Tris Gels, 1mm, 12 wells Invitrogen Cat.#NP0322BOX
NuPAGE 4-12% Bis-Tris Gels, 1mm, 15 wells Invitrogen Cat.#NP0323BOX
NuPAGE MOPS SDS Running Buffer (20X) Invitrogen Cat.#NP0001
Olympus FV1000 Confocal Microscope Olympus Life Sciences N/A
PR648 Slot Blot Blotting Manifold Hoefer Cat.#12004787
Q Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Thermo Scientific N/A

Spectrometer

ReproSil-Pur C18-AQ 1.9-micron beads

Dr. Maisch

Cat.#rl119.aq.

Restore Western Blot Stripping Buffer

Thermo Scientific

Cat.#21059

Thermo Easy-nLC 1200

Thermo Scientific

Cat.#LC140

Type 45 Ti Fixed-Angle Titanium Rotor

Beckman Coulter

Cat.#339160

Vivaspin 6, 30 kDa MWCO

Cytiva Life Sciences

Cat.#GE28-9323-17

Zeiss Plan-Apochromat 63x/1,4 Oil DIC M27 Carl Zeiss Cat.#420782-9900-799
Zeiss Plan-Apochromat 63x/1.46 Oil Korr M27 Carl Zeiss Cat.#420780-9971-000
Zeiss LSM780 Confocal Laser Scanning Microscope Carl Zeiss N/A

Molecular biological methods

Plasmid DNA purification

Plasmid DNA was prepared from E. coli DH5a cultures following the QIAprep Spin Miniprep

Kit (QIAGEN) protocol. In brief, 3 mL of saturated E. coli culture were pelleted and

resuspended in Buffer P1, cells were lysed by the addition of Buffer B and incubation for

5 min. After addition of Buffer N3, sample was cleared by centrifugation and supernatant was

applied to a spin column. Sample was passed through the column by applying vacuum.

Column was washed with Buffer PB and Buffer PE and DNA was eluted from the column by

applying nuclease free water. DNA concentration was determined using a NanoDrop

One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific).

DNA sequencing

DNA sequencing was performed in cooperation with Eurofins Genomics Germany GmbH

(Ebersberg, Germany) or Microsynth Seqlab (Gottingen, Germany). Samples were prepared

according to company-specific requirements.
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DNA restriction digest

DNA restriction enzymes were purchased from New England Biolabs (lpswich, USA) and
digestions were performed according to manufacturer’s protocol. Shortly, sample DNA was
diluted into enzyme-specific reaction buffer and restriction enzyme was added to a final
concentration of 10 U per ug DNA. Restriction reactions were incubated at 37 °Cfor 1 h unless

stated otherwise.

Agarose gel electrophoresis

For analysis of DNA, 1% (w/v) agarose gel was prepared as follows. Agarose was dissolved in
1x TAE buffer (40 mM Tris-acetate, 1 mM EDTA) through boiling. SYBR Safe DNA Gel Stain
(Thermo Scientific) was added (1:10°000) to the hot agarose solution and mixed well. Solution
was poured into a gel cast station. After solidification, the gel was placed in a running chamber
and fully immersed in 1x TAE buffer. DNA samples were prepared by mixing with appropriate
amounts of 6x DNA Loading Buffer (30% glycerol, 0.25% bromophenol blue, 0.25% xylene
cyanol FF). Samples were loaded in gel pockets and DNA was separated by electrophoresis for

30 min at 100 V. DNA bands were visualized via UV/blue light imaging.

DNA gel extraction and purification

For DNA extraction and purification of DNA from agarose gels, Wizard SV Gel and PCR Clean-
Up System (Promega) was used following the manufacturer’s protocol. Briefly, gel bands
containing the DNA fragment of interest were cut out and dissolved in Membrane Binding
Solution. Sample was applied to an SV Minicolumn and passed through via centrifugation.
Membrane-bound DNA was washed twice with Membrane Wash Solution and eluted by
applying nuclease free water. DNA concentration was determined using a NanoDrop

One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific).

Polymerase chain reaction
For amplification of DNA, polymerase chain reaction (PCR) was performed using Q5 High

Fidelity DNA Polymerase (New England Biolabs) following the manufacturer’s protocol.
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Reactions were set up on ice containing 10 mM dNTPs, 10 uM forward primer, 10 UM reverse
primer and 50 ng template DNA in a total volume of 50 puL 1x Q5 Reaction Buffer. Lastly,
0.25 pL polymerase was added and reactions placed into a Biometra TRIO thermocycler
(Analytik Jena). Thermocycling started with an initial denaturation step for 30 s at 98 °C,
followed by 35 cycles of 1) denaturation (15 s, 98 °C), 2) annealing (15 s, 50-72 °C depending
on melting temperatures of the primer pair) and 3) elongation (30 s per kb, 72 °C). At the end,
a final extension was performed for 2 min at 72 °C. Samples were kept at 4 °C for short term

storage until further use.

Ligation of DNA fragments

T7 DNA Ligase (New England Biolabs) was used for ligation of DNA fragments with
complementary sticky ends. Reactions were performed according to the manufacturer’s
protocol. In brief, ligation reactions containing vector and insert DNA at a molar ratio of 1:3
(total of approx. 100 ng) and 1 puL T7 DNA Ligase were set up in a total volume of 20 uL T7
DNA Ligase Reaction Buffer. Samples were incubated at room temperature for 30 min.

Samples were stored at 4 °C until further use.

Gibson Assembly

DNA fragments with complementary sequences were assembled using Gibson Assembly
Master Mix (New England Biolabs) according to the manufacturer’s protocol. Shortly, Gibson
Assembly reactions were set up on ice by mixing vector and insert DNA in a molar ratio of 1:3
(total of approx. 100 ng) in a total volume of 10 pL nuclease free water. 10 uL Gibson
Assembly Master Mix were added to the reactions on ice, mixed by pipetting up and down,
and immediately transferred to a preheated (50 °C) thermocycler. Reactions were incubated

for at least 15 min at 50 °C. Samples were stored at 4 °C until further use.

E. coli DNA transformation
Chemically competent E. coli cells were thawed on ice. 50 ng of plasmid DNA were added to

50 pL cell suspension and gently mixed by flicking the tube. Cells were incubated for 30 min
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on ice followed by incubation in a preheated (42 °C) water bath for 40 s. Cells were put back
on ice for 5 min. LB medium was added and cells were allowed to recover for 1 h at 37 °C.
Cells were plated on LB Agar plates containing appropriate antibiotics for selection and plates

were incubated overnight at 37 °C until colonies appeared.

Yeast methods

Yeast culture growth and handling

For liquid cultures, yeast cells were either grown in rich (YP; 2% Bacto peptone, 1% Bacto
yeast extract) or synthetic complete dropout (SC; 0.67% yeast nitrogen base w/o amino acids,
0.2% amino acid dropout mix (2 g L-alanine, 2 g L-arginine, 2 g L-asparagine, 2 g L-aspartic
acid, 2 g L-cysteine, 2 g L-glutamine, 2 g L-glutamic acid, 2 g L-glycine, 2 g L-methionine, 2 g L-
isoleucine, 2 g L-phenylalanine, 2 g L-proline, 2 g L-serine, 2 g L-threonine, 2 g L-tyrosine, 2 g
L-valine, 2 g myo-inositol, 0.2 g 4-aminobenzoic acid (all Sigma))) media. Media contained
either 2% glucose (YPD, SD), 2% raffinose (SCRaf), or 1% raffinose and 3% galactose
(SCRafGal). For cells carrying extrachromosomal expression plasmids, respective organic
compounds were omitted in SC for auxotrophic selection. Generally, cells were grown in liquid
media for at least 18 h at 30 °C with back dilution, prior to harvest during log phase growth,
unless stated otherwise. Generally, 30 ODeoo equivalents of cells were harvested. ODgoo Was

measured with an Eppendorf BioSpectrometer basic (Eppendorf).

Yeast plates were prepared as described for respective liquid media, but 2% agarose was

added and dissolved by heating. Plates were poured with hot agar solution.

Yeast transformation

Lithium acetate (LiOAc) yeast transformation was performed as described (Schiestl and Gietz,
1989). Yeast cells were grown overnight in YPD and back diluted to an ODepo of 0.2 in 5 mL
fresh media for each transformation. Cultures were grown for four more hours before cells
were harvested, washed once with water, and transferred to a reaction tube. Cells were
washed with 100 mM LiOAc. Transformation reagents were added to the cell pellet in the
following order without mixing: 240 uL 50% PEG-3350, 36 uL 1 M LiOAc, 10 pL pre-boiled
herring sperm DNA, target DNA, 20 uL DMSO and H,0 to a total of 360 uL. Depending on the
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type of transformation, different types and amounts of target DNA were used: for simple
expression plasmid transformation, 100 ng yeast vector DNA were added, for integration of
plasmids, 1 pug yeast vector DNA was cleaved with an appropriate restriction enzyme, for
integration of cassettes, DNA fragments with complementary overhangs were generated in a
PCR reaction. Samples were vortexed for 1 min and incubated at 30 °C for 30 min, followed
by a 20 min heat shock at 42 °C. Subsequently, cells were pelleted, resuspended in sterile
water and transferred to appropriate yeast plates for selection: for auxotrophic selection,
cells were plated on respective SD dropout plates while for antibiotic selection, cells were
plated on YPD first and replicate plated on respective antibiotic-containing plates after one

day of recovery. Plates were incubated at 30 °C until colonies appeared.

GdnHCl treatment

Yeast strains were cured of the [PIN*] prion through three passages on YPD plates containing
3 mM GdnHCl, as described previously (Cox et al., 2007; Derkatch et al., 1997; Tuite et al.,
1981). Successful curing and resulting [pin] status was checked by transient expression of

RNQ1-GFP and visualization of the soluble Rng1-GFP signal.

Yeast colony PCR

In order to verify the successful integration of vectors or confirm knock-in and knock-out
experiments, a yeast colony PCR was performed. Yeast colonies were picked and resuspended
in 50 uL 20 mM NaOH. Cell suspension was heated to 95 °C for 15 min followed by extensive
vortexing. Cell debris was pelleted and genomic DNA-containing supernatant was used in a
subsequent PCR reaction as template. PCR reaction was performed as described above with
appropriate primer pairs covering the genomic region of interest. PCR products were analyzed

via agarose gel electrophoresis.

Cycloheximide chase
For the cycloheximide chase experiment, wild-type [PIN*] or [pin’] strains as well as the tet-

off SIS1 strain were grown for at least 18 h prior to harvest of 25 ODgoo equivalents of cells.
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For the SIS1 shut off, media additionally contained 10 ug mL! doxycycline. Cells were
resuspended in media containing 0.5 mg mL? cycloheximide and continued to incubate as
before. At different time points, 4 ODesoo equivalents of cells were harvested, and flash frozen
in liquid nitrogen. Sample pellets were subsequently processed via alkaline lysis and TCA

precipitation and analyzed via SDS-PAGE as described below.

B-Galactosidase activity assay

Measurement of the cytosolic heat stress response induction was performed based on a
previously published protocol (Rupp, 2002). Yeast cells carried a vector encoding a
B-galactosidase reporter under the control of a promoter containing heat shock elements
(HSEs) and — where applicable — were coexpressing other proteins. Cultures were grown as
specified in respective figure legends. For experiments with elevated temperatures, cultures
were shifted to the indicated temperature for 1 h prior to harvest. Once cells reached log
phase growth, 3 ODeoo equivalents of cells were harvested and washed once with water.
Pellets were resuspended in 700 ul Z buffer (100 mM NaH,P04/Na;HPO4 pH 7.0, 10 mM KCl,
1 mM MgS0s, 2 mM B-mercaptoethanol) and 50 uL 0.1 % SDS as well as 50 uL chloroform
were added. Samples were vortexed briefly and incubated for 5 min at 30 °C to lyse cells.
200 ul 2-nitrophenyl-B-D-galactopyranoside (ONPG, 4 mg mL?!) were added to the samples
and incubated for 5-8 min at 30 °C. Reactions were stopped by the addition of 350uL 1 M
Na,COs. Samples were centrifuged for 3 min at 500 x g and absorbance at 420 nm (Aasz0) of
supernatant was measured on Eppendorf BioSpectrometer basic (Eppendorf) photometer.
Induction of the cytosolic heat stress response is described in Miller Units (MU) and calculated

as:

1000*((A420)/(ODsoo harvested * ONPG incubation time))

Growth assay
To analyze the doubling time of cells expressing polyQAP-Opto, cultures carrying respective
expression plasmids were grown for ~40h in SCRafGal with regular back dilution.

Subsequently, ODeoo of cultures was measured multiple times during log phase growth.
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Experimental data were fitted with exponential equations in GraphPad Prism to obtain

doubling times.

Fluorescence-activated cell sorting

Expression levels of polyQAP-Opto were determined via fluorescence-activated cell sorting
(FACS). Cultures carrying respective expression plasmids were grown for ~48 h in SCRafGal
with regular back dilution. 5 ODsoo equivalents of cells were harvested, washed twice with
PBS (175 mM NaCl, 8.41 mM NazHPO4, 1.86 mM NaH;P04) and resuspended in PBS. Cells
were analyzed with an Attune NxT Flow Cytometer (Thermo Scientific). For detection of the
mCherry signal, the 561 nm laser was chosen. Relative expression levels are based on average

mCherry fluorescence for each sample.

Biochemical methods

Preparation of yeast cell extracts

Yeast cell pellets were resuspended in lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM
EDTA, 0.5% IGEPAL CA-630, 5% Glycerol, 1 mM PMSF, Complete Protease Inhibitor Cocktail,
EDTA-free). An equal volume of glass beads was added and cells were lysed by vortexing
3 x 20 s on a FastPrep-24 Classic Bead Beating Grinder and Lysis System (MP Biomedicals). Cell
lysates were cleared by centrifugation twice at 500 x g for 5 min. Total protein concentration
of cell lysates was determined using either Pierce Rapid Gold BCA Protein Assay Kit

(ThermoFisher Scientific) or Bio-Rad Protein Assay Kit (Bio-Rad Laboratories).

Alkaline lysis and TCA precipitation

Cell pellets were resuspended in 1 mL ice cold water. 150 uL alkaline lysis buffer (138.75 pL
2 M NaOH + 11.25 uL B-Mercaptoethanol) were added and samples incubated on ice for
5 min with regular vortexing. Subsequently, 10 uL of 2% (w/v) sodium deoxycholate were
added and samples further incubated for 15 min on ice. After addition of 100 pL 100% (w/V)
trichloroacetic acid (TCA), proteins were precipitated on ice for 30 min followed by

centrifugation for 30 min at 20’000 x g and 4 °C. Protein pellets were washed with ice cold
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acetone and dried on air. 100 pL HU buffer (8 M Urea, 200 mM Tris pH 6.8, 1 mM EDTA, 5%
SDS, 0.03% bromphenol blue, 100 mM DTT) were added and pellets resuspended by shaking
for 15 min at 1’400 rpm and 70 °C. Samples were analyzed by SDS-PAGE.

SDS-PAGE

Yeast cell lysate was prepared as described. Protein samples were mixed with an equal
volume of 2xSDS sample buffer (100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 10% B-
mercaptoethanol, bromophenol blue) and heated for 5 min at 95 °C. Proteins were resolved
on NuPAGE 4-12% Bis-Tris Protein Gel (Invitrogen) through electrophoresis in NuPAGE MOPS
SDS Running Buffer (Invitrogen) for 55 min at 200 V.

SDD-AGE

Yeast cell lysate was prepared as described. Protein samples were mixed with a respective
volume of 4xSDD-AGE sample buffer (240 mM Tris pH 6.8, 8% SDS, 15% glycerol,
bromophenol blue) and incubated for 7 min at 30 °C. Proteins were resolved on an agarose
gel (1.5% agarose, 20 mM Tris base, 200 mM glycine, 0.1% SDS) through electrophoresis in
SDD-AGE running buffer (20 mM Tris base, 200 mM glycine, 0.1% SDS) for 105 min at 125V
and 4 °C.

Immunoblotting

Protein gels were electroblotted on Amersham Protran Nitrocellulose Western Blotting
Membranes (Merck). SDS-PAGE gels were transferred in SDS-PAGE transfer buffer (25 mM
Tris, 192 mM glycine, 20% methanol, 0.037% SDS) for 2 h at 70 V, SDD-AGE gels in SDD-AGE
transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol, 0.01% SDS) for 14.5h at 7 V.
Membranes were blocked in 5% milk in TBS-T (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1%
Tween-20) for at least 30 min at room temperature followed by incubation with respective
primary antibody in 5% milk in TBS-T over night at 4 °C. Membranes were washed three times
in TBS-T and incubated with secondary antibody diluted in TBS-T for 1 h at room temperature.

After three final washes with TBS-T, chemiluminescence was detected with Immobilon
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Classico Western HRP Substrate (Millipore) using an Amersham ImageQuant 800 Western Blot
Imaging System (Cytiva Life Sciences). Image analysis and densitometric quantification were
conducted using Fiji — ImageJ Image processing package v1.52p (Schindelin et al., 2012). For
repeated blotting, membrane was incubated in Restore Western Blot Stripping Buffer
(ThermoFisher Scientific) for 15 min at 60 °C and 15 min at room temperature. After washing

thoroughly with TBS-T, immunoblotting was performed as described above.

Filter retardation assay

Yeast cell lysate was prepared as described above. Samples were diluted to the indicated
protein concentration in lysis buffer and incubated with 100 U benzonase at 4 °C for 30 min.
Wherever indicated, SDS/DTT was added to the samples to a final concentration of 4%/50 mM
and heated for 5 min at 95 °C. Control samples were only diluted with lysis buffer and not
boiled. Samples treated with formic acid were first precipitated with TCA as described above
before resuspension in 100% formic acid and incubation at 37 °C for 30 min (

). Subsequently, formic acid was evaporated and samples resuspended in SDS/DTT and
boiled as described above. Samples were applied to a pre-wetted (0.1% SDS) cellulose acetate
membrane - OE66 (0.2 um pore size; Cytiva Life Sciences) in a PR648 Slot Blot Blotting
Manifold (Hoefer) and washed three times with 0.1% SDS. Retained material was visualized

as described for immunoblotting analysis.

Dot blot analysis

Yeast cell lysate was prepared as described above. Samples were mixed with an equal volume
of 2x SDS sample buffer (100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 10% B-mercaptoethanol,
bromophenol blue) and heated for 5min at 95 °C. Samples were applied directly on
Amersham Protran Nitrocellulose Western Blotting Membranes (Merck) with a multichannel
pipette. Membrane was allowed to dry at room temperature for at least 1 h before it was
rinsed thoroughly with TBS-T until any residual bromophenol blue dye was washed out.

Membrane-bound proteins were visualized as described for immunoblotting analysis.
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Cell fractionation

Yeast cell lysate, prepared as described above, was subjected to centrifugation for 15 min at
15’000 x g and 4 °C in order to pellet large protein aggregates. Pellet and supernatant were
carefully separated and containing proteins were analyzed by SDD-AGE, SDS-PAGE, and filter

retardation assay.

Proteomics

Sample preparation for total proteome analysis

For total proteome analysis, yeast cell pellets were resuspended in total proteome lysis buffer
(100 MM Tris pH 8.0, 1% sodium deoxycholate, 40 mM 2-Cloroacetamide, 10 mM tris(2-
carboxyethyl) phosphine). Cells were lysed by boiling for 2 min at 95 °C and subsequent
sonication using a Bioruptor Plus Sonication System (Diogenode) for 10 x 30 s at high intensity.
Proteins were digested sequentially by treatment with, first, LysC (final 5 pg mL?) for 4 h at
37 °C and, second, trypsin (final 5 ug mL!) overnight at 37 °C. After digestion, trifluoroacetic
acid was added to the samples to a final concentration of 1%, followed by purification and

desalting of peptides with home-made SCX stage-tips (Rappsilber et al., 2007).

Sample preparation for Rng1-GFP interactome analysis

In order to investigate the interactome of Rng1-GFP in either [PIN*] or [pin’] yeast cells, SCRaf
was inoculated with respective strains carrying a plasmid encoding RNQ1-GFP under the
control of the inducible galactose promoter. Cultures were grown overnight and back diluted
in the morning. Four hours before cell harvest, galactose was added to the cultures to a final
concentration of 2% to induce the expression of RNQ1-GFP. 30 OD equivalents of cells were
harvested during mid-log phase. Cell pellets were resuspended in triton lysis buffer (10 mM
Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.2% Triton X-100, 5% Glycerol, 1 mM PMSF,
Complete Protease Inhibitor Cocktail, EDTA-free) and cells were lysed by vortexing with glass
beads using a FastPrep-24 Classic Bead Beating Grinder and Lysis System (MP Biomedicals) as
described above. 2 mg of total protein were mixed with 50 uL anti-GFP uMACS beads
(Miltenyi Biotec) and samples were nutated at 4 °C for 1 h. Magnetic beads were separated

using UMACS columns (Miltenyi Biotec). Beads were washed three times with triton lysis
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buffer and twice with wash buffer (20 mM Tris pH 7.5). Proteins were digested on the column
following a protocol described in Hubner et al., 2010. First, proteins were predigested with
trypsin through the addition of elution buffer 1 (2 M Urea, 50 mM Tris pH 7.5, 1 mM DTT,
5 ug mL* trypsin) and incubation for 30 min at room temperature. Proteins were then eluted
from the beads by the addition of elution buffer 2 (2 M Urea, 50 mM Tris pH 7.5, 5 mM
chloroacetamide). Digestions were allowed to proceed overnight. Reactions were stopped by
the addition of trifluoroacetic acid to a final concentration of 1% followed by purification and

desalting of peptides with home-made SCX stage-tips (Rappsilber et al., 2007).

Sample preparation for 97Q-Opto interactome analysis

For the 97Q-Opto interactome analysis, [PIN*] and [pin] cells expressing 97Q-Opto from an
endogenous locus under the control of the GPD promoter were grown in the absence or
presence of blue light for at least 18 h prior to harvest of 30 OD equivalents of cells during
mid-log growth. Cell pellets were resuspended in lysis buffer (10 mM Tris pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, 0.5% IGEPAL CA-630, 5% Glycerol, 1 mM PMSF, Complete Protease
Inhibitor Cocktail, EDTA-free) and cells were lysed by vortexing with glass beads using a
FastPrep-24 Classic Bead Beating Grinder and Lysis System (MP Biomedicals) as described
above. A TOTAL sample was set aside and the remaining lysate was cleared by spinning for
15 min at 15’000 x g and 4 °C. Supernatant was carefully removed and used as SOLUBLE
sample. 4 mg of total protein were mixed with 50 pL anti-c-Myc uMACS beads (Miltenyi
Biotec) and samples were nutated at 4 °Cfor 1 h. Bead separation, washing, on column trypsin
digest and subsequent sample preparation steps were performed as described above for

Rnql-GFP.

LC-MS/MS

LC-MS/MS and initial data analysis were performed by Barbara Steigenberger, Nicole
Krombholz and Anja Wehner at the MPI Mass Spectrometry Core Facility. | am grateful for
their help and appreciate their support concerning any questions related to mass

spectrometry.
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The following protocol was used for the analysis of the total proteome samples.
Peptide samples were vacuum dried and resuspended in 6 pl 0.1% formic acid. The peptides
were loaded onto a 30-cm column (inner diameter: 75 microns; packed in-house with
ReproSil-Pur C18-AQ 1.9-micron beads, Dr. Maisch GmbH) via the autosampler of the Thermo
Easy-nLC 1200 (Thermo Fisher Scientific) at 60 °C. Eluting peptides were directly sprayed onto
the benchtop Orbitrap mass spectrometer Q Exactive HF (Thermo Fisher Scientific). Liquid
chromatography with the Easy-nLC 1200 was performed by loading the peptides in 0.1%
formic acid at a flow rate of 1.25 ul min! and peptides were separated with a flow rate of
250 nL min! by a gradient of buffer B (80% ACN, 0.1% formic acid) from 2% to 30% over
120 min followed by a ramp to 60% over 10 min then 95% over the next 5 min and finally the
percentage of buffer B was maintained at 95% for another 5 min. The mass spectrometer was
operated in a data-dependent mode with survey scans from 300 to 1750 m/z (resolution of
60’000 at m/z = 200), and up to 15 of the top precursors were selected and fragmented using
higher energy collisional dissociation (HCD with a normalized collision energy of value of 28).
The MS2 spectra were recorded at a resolution of 15’000 (at m/z = 200). AGC target for MS1
and MS2 scans were set to 3 x 10° and 1 x 10° respectively within a maximum injection time

of 100 and 25 ms for MS and MS2 scans, respectively.

For the interactome analyses of Rng1-GFP and 97Q-Opto, a similar protocol was used
with minor changes: for the liquid chromatography, a gradient from 7% to 30% over 60 min
was followed by a ramp to 60% over 15 min, then ramp to 95% over the next 5 min and finally
the percentage of buffer B was maintained at 95% for another 5 min. For the MS analyses, up
to 10 of the top precursors were selected and fragmented. Maximum injection time of 100

and 60 ms for MS and MS2 scans were chosen, respectively.

Data analysis and visualization

Raw data were processed using the MaxQuant computational platform (version 1.6.17.0) with
standard settings applied. The peak list was searched against the data base of S. cerevisiae
with an allowed precursor mass deviation of 4.5 ppm and an allowed fragment mass deviation
of 20 ppm. MaxQuant by default enables individual peptide mass tolerances, which was used

in the search. Cysteine carbamidomethylation was set as static modification, and methionine
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oxidation and N-terminal acetylation as variable modifications. Proteins were quantified
across samples using the label-free quantification algorithm in MaxQuant generating label-
free quantification (LFQ) intensities. Data analysis was performed using Perseus (Tyanova et
al., 2016) and Go Term Enrichment (Ashburner et al., 2000; GeneOntologyConsortium, 2021;
Mi et al., 2019). p-values for volcano blots were calculated by Student’s t-test for proteins
detected in all four biological replicates in each group (total proteome analysis) or in three

out of four biological replicates in at least one group (interactome analyses).

In vitro methods

Recombinant protein expression

For recombinant expression of proteins, respective expression plasmids were transformed
into competent E. coli DI21 (DE3) cells as described above. Terrific broth medium (12 g
tryptone, 24 g yeast extract, 5 mL glycerol, 72 mM K;HPOQO4, 17 mM KH,PO4) was inoculated
with a single transformation colony and incubated shaking at 140 rpm and 37 °C. Once culture
reached an ODego of ~ 0.4, flask was transferred to 18 °C and allowed to cool down. Isopropyl
B-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM to induce
expression of the target protein. Cultures were further incubated on the shaker overnight

before cells were harvested and washed once with ice cold PBS.

Recombinant protein purification

For the purification of recombinantly expressed GST-polyQ from E. coli, a protocol described
in Scherzinger et al., 1997 was followed with adjustments. To retain the activity and prevent
the aggregation of the purified proteins, all purification steps were performed on ice or at

4°C.

A cell pellet was generated as described above and resuspended in buffer A (50 mM
NaH;PO4 pH 7.4, 150 mM NaCl, 1 mM EDTA, Complete Protease Inhibitor Cocktail, EDTA-
free). Lysozyme was added to a final concentration of 1 mgmL?', DNase to a final
concentration of 2.5 U mL? and cell suspension was stirred for 45 min. Cells were lysed
through multiple passages on an EmulsiFlex-C5 high pressure homogenizer (Avestin). n-Octyl-

B-D-glucopyranoside (OGP) was added to a final concentration of 0.1%, mixed well and
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incubated for 5 min. Lysate was spun at 125’000 x g for 1 h at 4 °C using a Type 45 Ti Fixed-
Angle Titanium Rotor (Beckman Coulter) to pellet cell debris and insoluble proteins.
Supernatant was carefully removed and applied onto a GSTPrep Fast Flow 16/10 (Cytiva Life
Sciences) affinity column which had been pre-equilibrated in buffer B (50 mM NaH,PQO,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% OGP). The column was washed with five column
volumes (CV) of buffer B before eluting the protein with two CV of buffer C (50 mM NaH,PO,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 15 mM glutathione). Fractions containing the GST-polyQ
protein were pooled, concentrated using a Vivaspin 6 30 kDa concentrator (Cytiva Life
Sciences) and applied onto a HiPrep 26/60 Sephacryl S-100 HR (Cytiva Life Sciences) size
exclusion column, pre-equilibrated in SEC buffer (50 mM Tris pH 7.4, 150 mM NacCl, 1 mM
EDTA, 5% glycerol, 1 mM DTT). GST-polyQ-containing fractions were pooled, the quality of
the purification assessed via SDS-PAGE, and the concentration of the purified protein
determined with a NanoDrop One/OneC Microvolume UV-Vis Spectrophotometer (Thermo
Scientific). Glycerol was added to a final concentration of 10%. Aliquoted protein samples

were flash frozen in liquid nitrogen and stored at -80 °C.

In vitro aggregation assay

In vitro aggregation assays of GST-polyQ were performed according to protocols described by
Scherzinger et al., 1999 and Muchowski et al., 2000. Purified GST-polyQ was diluted to a final
concentration of 3 UM in in vitro reaction buffer (10 mM Tris pH 7.5, 150 mM NacCl, 0.5 mM
EDTA, 1 mM DTT, 1 mM PMSF, Complete Protease Inhibitor Cocktail, EDTA-free) in a total
reaction volume of 1 mL. 25 U GST-PreScission protease were added and mixed by inverting
the tube ten times to start the reaction. Sample was incubated at 30 °C, shaking at 300 rpm.
At different time points samples were taken for SDD-AGE, SDS-PAGE, or filter retardation
analysis. For the preparation of SDD-AGE samples, 75 pL of sample were mixed with 4x SDD-
AGE sample buffer (240 mM Tris pH 6.8, 8% SDS, 15% glycerol, 0.03% bromophenol blue).
SDS-PAGE samples were prepared by mixing 20 uL of sample with an equal volume of 2x SDS-
PAGE sample buffer (100 mM Tris pH 6.8, 4% SDS, 20% glycerol, 0.03% bromophenol blue,
200 mM DTT) and heating at 95 °C for 5 min. For samples analyzed via filter retardation assay,

100 pL of sample were mixed with an equal volume of 4% SDS/100 mM DTT and heated at
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95 °C for 5 min. All samples were flash frozen in liquid nitrogen and stored at -80 °C until

further analysis.

For reactions in the presence of cell lysate, [PIN*] or [pin’] yeast cells with and without
overexpression of RNQ1-GFP were harvested during log growth. Cells were lysed as described
above but in vitro reaction buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM
DTT, 1 mM PMSF, Complete Protease Inhibitor Cocktail, EDTA-free) was employed instead of
the detergent-containing lysis buffer that is normally used. For the actual assays, GST-polyQ
was diluted into cell lysate at a concentration of 4.4 mg mL™. Reaction was otherwise

conducted as described above.

For aggregation assays in the presence of beads preloaded with Rng1-GFP, 400 pL
GFP-Trap agarose beads (ChromoTek) were incubated with 4.4 mg total lysate from [pin’] or
[PIN*] cells overexpressing RNQ1-GFP in a total reaction volume of 1.4 mL overnight at 4 °C.
Beads were separated from supernatant at 2’500 x g for 5 min at 4 °C and washed twice with
in vitro reaction buffer. For the aggregation reaction, GST-Htt54Q protein was diluted into
[pin7] cell lysate in a total volume of 1 mL and mixed with 400 uL Rng1-GFP-loaded beads.
Reaction was started by the addition of GST-PreScission protease and incubated rotating end-
over-end at 10 rpm and 30 °C. At indicated time points, beads were sedimented at 500 x g for

5 min and samples were taken from the supernatant fraction for analysis via SDD-AGE.

Microscopy

All microscopy experiments described below, with the exception of the FRAP analysis, were
conducted on an Olympus FV1000 confocal microscope (Olympus), equipped with a Zeiss
Plan-Apochromat 63x/1,4 Oil DIC MZ27 objective (Carl Zeiss). FRAP experiments were
performed at the MPIB Imaging Facility (Martinsried, Germany) on a Zeiss LSM780 confocal
laser scanning microscope, equipped with a Zeiss Plan-Apochromat 63x/1.46 Oil Korr M27
objective (both Carl Zeiss). For detection of the GFP fluorophore an excitation wavelength of
488 nm and emission of 505—-540 nm was chosen. For the mCherry fluorophore wavelengths
of 559 nm for excitation and 575-675 nm for emission were used. Image analysis was

conducted using the Fiji — ImageJ Image processing package v1.52p (Schindelin et al., 2012).
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Confocal imaging

After growth to mid-log phase, yeast cells were fixed in 3% formaldehyde for 5 min. Fixed cells
were applied to the chamber of a concanavalin A-coated u-Slide (ibidi) and allowed to adhere
for 5 min at room temperature. After washing with PBS to remove non-adherent cells,

immobilized cells were imaged as described above.

Analysis of aggregate density

Mid-log cells were applied to the chamber of a concanavalin-A-coated u-Slide (ibidi) without
prior fixation. Non-adherent cells were removed by washing with media. Live cells were
imaged as described above. Importantly, the same non-saturating acquisition settings were
used for all samples. To analyze the fluorescent density of aggregates, circular regions within
the aggregate were selected and the average fluorescence signal was compared between
samples. To obtain the total cellular fluorescence signal, the integrated fluorescence density

over the whole area of the analyzed cell was determined.

Analysis of Ssal enrichment

Live cells were prepared and imaged as described above, using the same non-saturating
acquisition settings for all samples. Regions of interest were selected outlining the FLuc
aggregate as well as a large area in the cell not containing any aggregate (soluble). The
enrichment of Ssal in aggregates over soluble signal was calculated as the ratio between the
average fluorescence of Ssal in these two regions. To obtain the total cellular fluorescence
signal, the integrated fluorescence density over the whole area of the analyzed cells was

calculated.

Cluster disappearance

Yeast cultures were grown in the dark. After reaching log phase growth, cells were illuminated
with blue light for 5 min using an LED Dash 1,23 m LED Tube 18 Watt 1800 Lumens Blue
(Orgon) light source. Cultures were returned to the dark and further incubated. At indicated

time points, cells were fixed and applied to the chamber of a u-Slide (ibidi) as described above.
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Using the EPI fluorescence light, the number of cells with visible inclusions was counted. 100

cells were counted for each single replicate data point.

Fluorescence recovery after photobleaching

Live cell samples were prepared as described above. For fluorescence recovery after
photobleaching experiments, circular regions of constant size were bleached after 20 frames
and monitored for at least 80 s (0.38 s/frame) for fluorescence recovery in a single focal plane.
Fluorescence intensity data were corrected for photobleaching and normalized to the average

fluorescence intensity before (1) and after (0) bleaching (relative fluorescence).

Cloning and yeast strains related to Chapter |

Here, cloning and yeast strains related to experiments in Chapter | of this work are described.
This section is only an addition to the general Materials and Methods section and both have
to be considered together to get a complete overview over the information related to

Chapter I.

Molecular cloning

Conventional cloning was done as described in the general Materials and Methods section.
Here we describe in detail how each vector used in Chapter | of this work was produced. A list
of all of these vectors as well as primers that were used to generate them, can be found in

the appendix (Tables X1 and X2).

pCLK207 and pCLK181 expressing the nuclear markers GST-GFP-NLS and GST-
mCherry-NLS, respectively, were generated by three-way ligation. First, a DNA fragment
encoding GST was generated by PCR by amplifying pGEX-2T-Tev (GE Lifesciences) with the
primer pair oCLK1/0CLK2. GFP-NLS was generated through amplification of pFA6A-GFP(S65T)-
KanMX6 (Bahler et al., 1998) with oCLK3/0CLK4, mCherry-NLS through amplification of pYES2-
myc-20QmCh (Park et al., 2013) with oCLK5/0CLK6. Subsequently, pRS306pGPD (Mumberg et
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al., 1995) was digested with Xbal and Sall, GST with Xbal and BamHI and GFP-NLS or mCherry-

NLS with BamHI and Sall. Fragments were ligated together in a single reaction.

To generate pCLK263 for the expression of HSF1, HSF1 was amplified from pRS426Hsf1
(Holmes et al., 2014b) using oCLK7/0CLK8. The resulting DNA fragment was digested with
EcoRl and Xhol and ligated into the similarly cleaved pRS414pGPD (Mumberg et al., 1995)

vector.

In order to generate pCLK253 and pCLK254, expressing 20Q-mCherry and 97Q-
mCherry, respectively, pYES2-myc-20QmCherry or pYES2-myc-97QmCh (Park et al., 2013)
were digested with BamHI and Mlul and the obtained fragments ligated into a similarly

digested pESCLeu vector (Agilent).

For the generation of the heat shock reporter pCLK270, the heat-stress inducible
promoter and LacZ region were amplified from plasmid Ssa3-LacZ-Leu (Liu et al., 1997) using
0CLK9/0CLK10. Subsequently, the resulting PCR product was digested with Bglll and Sall and
ligated into the pRS313 backbone (Sikorski and Hieter, 1989), previously cleaved with BamHI
and Sall.

For the chaperone overexpression screen, relevant overexpression vectors were
isolated from the Yeast ORF Collection (Dharmacon). Target proteins were encoded on

multicopy 2 vectors, expressed under the control of a galactose-inducible promoter.

To generate pCLK323, expressing YDJ1, YDJ1 was amplified form the genome of the
wild type YPH499 strain using the primer pair oCLK11/0CLK12. The PCR product was further
digested with Spel and BamHI. pRS414pGPDSis1 (Douglas et al., 2008) was digested in a

similar fashion to generate the pRS414pGPD backbone that the YDJ1 insert was ligated into.

For the generation of pCLK301, pCLK302 and pCLK304, expressing HA-tagged wild type
Sis1, Sis1 with its HPD motif mutated to AAA or Sis1 lacking the G/F region (residues 71-121),
respectively, DNA fragments were subcloned with their promoters from pRS415Pga-HA-Sis1,
PRS415Pga-HA-Sis1(AAA), or pRS415Pca-HA-Sis1AG/F (Park et al., 2013) into a pRS414 vector
(Sikorski and Hieter, 1989). pCLK313 and pCLK315, encoding the HA-tagged N-terminal 121 or
338 amino acids of Sis1, respectively, were generated by amplifying fragments of SIS1 from

PRS414Pga-HA-Sis1 with primers oCLK13/0CLK15 or oCLK13/0CLK16. PCR products were
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digested with Spel and BamHI and ligated into a backbone generated by the similar digestion
of pCLK301 to replace wild type S/S1.

In order to create pCLK295, expressing GFP-tagged SSA1, first SSA1 was cleaved from
PRS426pGALSsal (Muchowski et al., 2000) with BamHI and Xhol and ligated into a similarly
digested pRS413pGPD vector (Mumberg et al., 1995), generating pCLK242. pCLK242 was then
amplified with oCLK17/0CLK18 to generate a PCR fragment encoding SSA1 with compatible
overhang with a GFP fragment amplified from pFA6A-GP(S65T)-KanMX6 with primer oCLK19
& oCLK20. Both fragments were fused by a PCR using oCLK17/0CLK20. The SSA1-GFP fusion
product was then inserted into a pRS405pADH backbone (Mumberg et al., 1995) amplified
with oCLK21/0CLK22 in a Gibson Assembly reaction.

pCLK332, expressing mCherry-tagged FlucDM, was generated by first cleaving FlucDM
from pClneo-FlucDM (Gupta et al., 2011) with Xhol and Xmal and ligating it into a similarly
digested mCherry-N1 vector (Clontech). Subsequently, the FlucDM-mCherry fusion was

subcloned into a pYES2 vector backbone (Invitrogen) using Kpnl and Xbal.

All constructs were verified by DNA sequencing.

Yeast strains
Standard yeast methods are described in the general Materials and Methods section. All yeast
strains used in Chapter | of this work are derived from the S. cerevisiae YPH499 strain and are

listed in the appendix (Table X3). Here, we describe how these stains were generated.

In order to generate yCLK225, expressing GST-GFP-NLS under the control of the GPD
promoter from an endogenous locus, YPH499 (Sikorski and Hieter, 1989) was transformed
with pCLK207, linearized with Bsml prior to transformation. Cells were selected on media

lacking uracil.

yCLK250, expressing SSA1-GFP under the control of the ADH promoter from an
endogenous locus, was created by transforming YPH499 (Sikorski and Hieter, 1989) with

BstEll-cut pCLK295 and selection on media lacking leucine.

In order to GFP-tag endogenous SIS1 in yCLK207, a PCR generated cassette was
generated by amplification of pFA6a-GFP(S65T)-KanMX6 (Bahler et al., 1998) with
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0oCLK23/0CLK24. Subsequently, the PCR product was transformed into YPH499 (Sikorski and
Hieter, 1989). Clones were selected by growth on media containing 300 pg mL™* G418 and
confirmed by colony PCR (e.g., with oCLK25/0CLK4).

yCLK255 and yCLK256, coexpressing GST-mCherry-NLS under the control of the GPD
promoter from an endogenous locus along with SSA1-GFP or SIS1-GFP, respectively, were
created by transforming yCLK250 or yCLK207 with pCLK181, linearized with Bsml prior to

transformation. Cells were selected on media lacking uracil.

Cloning and yeast strains related to Chapter Il

Here, cloning, yeast strains and experimental procedures relevant for experiments in
Chapter Il of this work are described. This section is only an addition to the general Materials
and Methods section and both have to be considered together to get a complete overview

over the information related to Chapter Il.

Molecular cloning

Conventional cloning was done as described in the general Materials and Methods section.
Here we describe in detail how each vector used in Chapter Il of this work was produced. A
list of all of these vectors as well as primers that were used to generate them, can be found

in the appendix (Tables X4 and X5).

PMG6 and pMG7 were generated by excising the GPD or the GAL promotor (and the
corresponding CYC terminator) from pRS416pGPD and pRS416pGAL (Mumberg et al., 1994;
1995), respectively, with the restriction enzymes Sacl and Kpnl and ligating it into pRS316

(Sikorski and Hieter, 1989) that was cut in a similar fashion.

In order to generate pMG18 and pMG88, for the expression of mCherry-CRY2,
mCherry-CRY2 was amplified from pHR-mCh-Cry2olig (Shin et al., 2017) with oMG22/0MG23
and integrated into the Sall-linearized backbones of pMG6 and pMG7, respectively, via Gibson
Assembly. pMG60 and pMG90 were generated by subcloning of pMG18 or pMG88 into
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PRS305 (Sikorski and Hieter, 1989): pMG18 or pMG88 were amplified with oMG44/0MG45,
PRS305 with oMG42/0MG43 in two separate PCR reactions and the two products were fused

via Gibson Assembly.

For pMG148 expressing 97Q-Opto, Huntingtin exon 1 including an N-terminal cMyc-
tag as well as the C-terminal poly proline region was amplified from pYES2-myc-97QmCh (Park
et al., 2013) with oMG113/0MG114 and fused with the pMG60 backbone amplified with
0MG111/0MG112 via Gibson Assembly. pMG150, for the expression of 97Q-mCherry, was
generated based on pMG148: pMG148 was amplified with oMG113/0MG143 as well as
0oMG88/0MG112 in two separate PCR reactions. The PCR products were ligated via Gibson
Assembly.

pMG154 and pMG155, for the expression of 20Q-Opto or 20Q-mCherry, respectively,
were generated by excising Huntingtin exon 1, including the N-terminal cMyc tag as well as
the C-terminal poly proline region, from pYES2-myc-20QmCh (Park et al., 2013) with EcoRI
and Bglll and ligating it into the backbones, generated by amplifying either pMG148 or
pPMG150 with oMG146/0MG147, via Gibson Assembly.

In order to generate pMG160, for the expression of 97Q-GFP from pRS304, a two-step
approach was taken. First, GFP was amplified with 0oMG149/0MG150 from
pFA6aGFP(S65T)kanMX6 (Bahler et al., 1998) and integrated into a backbone generated by
amplifying pMG150 with oMG148/0MG88 to obtain pMG158. Next, 97Q-GFP including its
promoter was amplified from pMG158 with oMG44/0MGA45 and subcloned into a backbone
generated by amplifying pRS304 (Sikorski and Hieter, 1989) with oMG42/0MG43 to generate

pMG160. Both steps were done using Gibson Assembly reactions.

pMG159, for the expression of 20Q-GFP from pRS305, was generated by replacing
mCherry in pMG155 with GFP: GFP was excised from pMG158 with Bsgl and Xhol and ligated
into the pMG155 backbone that was cleaved in an analogous manner. Subsequently, in order
to make pMG161 for expression of 20Q-GFP from pRS304, the LEU auxotrophy cassette in
pPMG159 was replaced with the TRP auxotrophy marker: the TRP marker was excised from
pPRS304 (Sikorski and Hieter, 1989) with Aatll and Dralll and used to replace the LEU marker

in pMG159 that was cleaved with the same restriction enzymes.
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pMG185-pMG189, for expression of mid length polyQ-mCherry, were generated in
two steps: first, pPBacMam2-DiEx-LIC-C-flag_huntingtin_full-length_Q36, Q48, Q54, Q60
and _Q73 (Harding et al., 2019) were cleaved with Xhol and Pvul to obtain 4.5 kb fragments
containing the polyQ region of interest. These fragments were purified and digested again
with Bsgl and Stul. The products of this second digestion were integrated into the pMG150
vector backbone, which had been digested in a similar fashion to remove the 97Q portion in
this vector. To generate pMG190-pMG194 expressing mid length polyQ-Opto, polyQ
stretches were excised from pMG185-pMG189 with Ndel and Spel and ligated into the

pMG148 backbone that was treated in a similar fashion to remove the 97Q region.

In order to obtain pMG202 and pMG205 for recombinant expression of GST-20Q and
GST-54Q, respectively, we excised the polyQ regions from pMG155 and pMG187 with Ndel
and Xbal. The resulting fragments were integrated into the pGEX backbone, generated by
amplifying pGEX-Htt53Q (Schaffar et al., 2004) with oMG169/0MG170, via Gibson Assembly.

For pMG267 and pMG268, expressing 25QAP-Opto and 97QAP-Opto, respectively,
toxic Huntingtin exon 1 without poly proline and including an N-terminal FLAG-tag was
amplified from pYES2-Htt25Q-GFP or pYES2-Htt97Q-GFP (Ripaud et al., 2014), with
0MG151/0MG152 and integrated into a backbone, generated by amplifying pMG245 with
0MG111/0MG112, via Gibson Assembly. pMG210, expressing 66QAP-Opto was generated in
this process coincidentally as amplification of expanded polyQ stretches via PCR may lead to

a loss of Q.

In order to generate pMG245 to conditionally express mCherry-Opto from pRS426,
the mCherry-Opto fragment was excised from pMG90 with Kpnl and Sacl and ligated into a
similarly digested pRS426 vector (Christianson et al., 1992). Having created pMG245, we
generated pMG246-pMG252, conditionally expressing polyQ-Opto from pRS426, by excising
polyQ-Opto fragments from pMG154, pMG190-pMG194 and pMG148 with Xhol and Spel and
ligated them into the similarly digested pMG245 backbone.

pMG269, for expression of RNQI1-GFP from pRS306, was generated by amplifying
PESC-URA-Rnq1-GFP (Kaganovich et al., 2008) with oMG199/0MG142 and ligating the
resulting fragment into a backbone, generated by amplifying pRS306pADH (Mumberg et al.,
1995) with oMG137/0MG138.
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pMG271, for expression of RNQI-GFP lacking the cMyc tag, was generated by
performing two separate PCR reactions with template pESC-URA-Rng1-GFP (Kaganovich et
al., 2008) and the primer pairs oMG207/0MG208 and oMG209/0MG210 to generate
fragments with complementary overhangs excluding the cMyc tag. Fragments were fused in

a Gibson Assembly reaction.

All constructs were verified by DNA sequencing.

Yeast strains

Standard yeast methods are described in the general Materials and Methods section. All yeast
strains used in Chapter Il of this work are derived from the S. cerevisiae YPH499 or 74-D694
strains and are listed in the appendix (Table X6). Here, we describe how these stains were

generated.

yMG33 is the [PIN*] parent strain from which all yeast strains with integrated
expression vectors used in this study are derived. It was generated by transforming SY197
(Klaips et al., 2014) with a cassette generated by amplifying the kanamycin resistance gene
from pFA6-kanMX4 with oMG1/0MG2 to delete endogenous PDR5. Transformants were
selected by growth of cells on plates containing 300 pg mL™ G418. Clones were verified by

colony PCR (with oMG3/0MG4).

Other [PIN*] strains were generated based on yMG33 by integrating plasmids
containing the desired gene into an auxotrophy marker locus and selecting transformants on
media lacking the respective organic compound; see strain identifiers for details on host strain
and plasmid used for integration (Table X6). pRS304-based plasmids were linearized with

Bsu36l, pRS305 with Aflll and pRS306 with Stul prior to transformation.

[pin7] strains are derived from respective [PIN*] strains via curing of the Rnql prion
through three passages on YPD plates containing 3 mM GdnHCI (Cox et al., 2007; Derkatch et
al., 1997; Tuite et al., 1981). The exceptions are yMG103, yMG104, yMG106, yMG120,
yMG132 and yMG122, where a second integrating plasmid was transformed into an already

existing [pin’] background.
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The prion status of all strains was determined by transient expression of RNQ1-GFP

and examination of Rng1-GFP state by microscopy.

Yeast culture growth and handling

In order to prevent the premature activation of Opto constructs, all cell culture and sample
handling steps in Chapter Il were performed in the dark (no light or red light as only light
source). Whenever indicated, cultures were exposed to the blue light of a LED Dash 1.23 m
LED Tube 18 Watt 1800 Lumens (Orgon) for various amounts of time. Once denaturing
conditions were applied (e.g., addition of SDS-PAGE sample buffer, boiling, etc.), samples

were further handled in normal light conditions.
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Table X1: List of all vectors used in Chapter I of this work. Indicated are name of the vector, its source as well as its unique
identifier (either internal reference or catalogue number for commercially available vectors).

Name Source Identifier
mCherry-N1 Clontech Cat#632523
pClneo-FlucDM Gupta et al., 2011 N/A
pESCLeu Agilent Cat#217452
pFA6a-GFP(S65T)-KanMX6 Bahler et al., 1998 N/A
pGEX-2T GE Lifesciences Cat#28-9546-53
pRS306pGPD Mumberg et al., 1995 N/A
pRS313 Sikorski & Hieter, 1989 N/A
pRS405pADH Mumberg et al., 1995 N/A
pRS413pGPD Mumberg et al., 1995 N/A
pRS414 Sikorski and Hieter, 1989 N/A
pRS414 GPD Sis1 Douglas et al., 2008 Addgene Cat#18687
pRS414pGPD Mumberg et al., 1995 N/A
pRS415pGAL-HA-Sis1 Park et al., 2013 N/A
pPRS415pGAL-HA-Sis1(AAA) Park et al., 2013 N/A
pRS415pGAL-HA-Sis1AG/F Park et al., 2013 N/A
pRS426 Christianson et al., 1992 N/A
pRS426Hsf1 Holmes et al., 2014 N/A
pRS426pGALSsal Muchowski et al., 2000 N/A
pYES2 Invitrogen Cat#Vv82520
pYES2-myc-20QmCh Park et al., 2013 N/A
pYES2-myc-97QmCh Park et al., 2013 N/A
Ssa3-LacZ-Leu Liu et al., 1997 N/A
Yeast ORF Collection Dharmacon Cat#YSC3868
pRS306pGPD GST-mCh-NLS This study pCLK181
pRS306pGPD GST-GFP-NLS This study pCLK207
pRS413pGPD Ssal This study pCLK242
pESCLeu-20QmCh This study pCLK253
pESCLeu-97QmCh This study pCLK254
pRS414pGPD Hsfl This study pCLK263
pRS313pHSELacZ This study pCLK270
pRS405pADH SsalGFP This study pCLK295
pRS414pGALHASIs1 This study pCLK301
pRS414pGALHASiIs1AAA This study pCLK302
pRS414pGALHASIs1DG/F This study pCLK304
pRS414pGALHASis1DC This study pCLK313
pRS414pGALHASiIs1DDD This study pCLK315
pRS414PGPD Ydj1 This study pCLK323
pYES2-FlucDM-mCh This study pCLK332
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Table X2: List of all primer oligos used in Chapter I of this work. Indicated are the DNA sequence (5’-3’), its source as well as
its internal reference identifier.

DNA Sequence Source Identifier
AAAATCTAGAATGTCCCCTATACTAGG This study oCLK1
AAAAGGATCCGGTTCTGGTTCTGGTTCTTTTTGGAGGATGGTCGC This study oCLK2
AAAAGGATCCATGAGTAAAGGAGAAGAACTTTTC This study oCLK3
AAAAGTCGACTTAAACCTTTCTCTTCTTCTTTGGTTTGTATAGTTC .

This study oCLK4
ATCCATG
AAAAGGATCCATGGTGAGCAAGGGCG This study oCLK5
AAAAGTCGACTTAAACCTTTCTCTTCTTCTTTGGCTTGTACAGCTC .

This study oCLK6
GTCC
AAAAGAATTCATGAATAATGCTGCAAATAC This study oCLK7
AAAACTCGAGCTATTTCTTAGCTCGTTTG This study oCLK8
AGCCAGATCTTTTAGGCTCGAAGATCC This study oCLK9
AAAAGTCGACTTATTTTTGACACCAGACC This study oCLK10
AAAAACTAGTATGGTTAAAGAAACTAAGTTT This study oCLK11
AAAAGGATCCTCATTGAGATGCACATTG This study oCLK12
AAAAACTAGTATGTCCTACCCAT This study oCLK13
AAAAGGATCCTTAAAAATTTTCATCTATAGC This study oCLK14
AAAAGGATCCTTAGCCGCCAAAGAATTGTG This study oCLK15
AAAAGGATCCTTATATTGGATAGTCCACTTTA This study oCLK16
TAGAACTAGTGGATCCCCCGGGCTGCAGGAATGTCAAAAGCTGT .

This study oCLK17
CGGTATTG
TTCTCCTTTACTGGAGCCACTACCGGAACCATCAACTTCTTCAACG .

This study oCLK18
GTTGG
GGTTCCGGTAGTGGCTCCAGTAAAGGAGAAGAACTTTTCACTG This study oCLK19
TCGACGGTATCGATAAGCTTGATATCGAATCTATTTGTATAGTTC .

This study oCLK20
ATCCATGCCATG
ATTCGATATCAAGCTTATCGATACCGTC This study oCLK21
TCCTGCAGCCCGGGGG This study oCLK22
ACTAAACGACGCTCAAAAACGTGCTATAGATGAAAATTTTGGTTC .

This study oCLK23
TGGTTCTGGTTCTCGGATCCCCGGGTTAATTAA
ATTTATTTGAGTTTATAATTATATTTGCTTAGGATTACTAGAATTC .

This study oCLK24
GAGCTCGTTTAAAC
AAAAGGATCCATGGTCAAGGAGACAAAAC This study oCLK25

Table X3: List of all yeast strains used in Chapter | of this work. Listed are the genotypes for all strains, their source as well
as internal reference identifier.

Strain genotype Source Identifier
YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre . . .

. Sikorski and Hieter, 1989 N/A
trp1-A63 his3-A200 leu2-Al
YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre .

. This study yCLK207
trp1-A63 his3-A200 leu2-Al SIS1GFP::KANMX6
YPH499 MATa lys2-801_amber ade2-101_ochre trp1-A63 .

. This study yCLK225

his3-A200 leu2-A1 ura3-52::URA::Pcpo-GST-GFP-NLS
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Strain genotype Source Identifier
YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre .

. This study yCLK250
trp1-A63 his3-A200 leu2-A1::LEU::PapH-SSA1-GFP
YPH499 MATa lys2-801_amber ade2-101_ochre trp1-A63
his3-A200 leu2-A1::LEU::Papu-SSA1-GFP ura3-52::URA::Pspp- This study yCLK255
GST-mCh-NLS
YPH499 MATa lys2-801_amber ade2-101_ochre trp1-A63
his3-A200 leu2-A1 SIS1GFP::KANMX6 ura3-52::URA::Pgpp- This study yCLK256

GST-mCh-NLS

Table X4: List of all vectors used in Chapter Il of this work. Indicated are name of the vector, its source as well as its unique
identifier (either internal reference or catalogue number for commercially available vectors).

Name Source Identifier
pBacMam2-DiEx-LIC-C-flag_huntingtin_full-length_Q36 Harding et al., 2019 Addgene Cat#111745
pBacMam2-DiEx-LIC-C-flag_huntingtin_full-length_Q48 Harding et al., 2019 Addgene Cat#111747
pBacMam2-DiEx-LIC-C-flag_huntingtin_full-length_Q54 Harding et al., 2019 Addgene Cat#111727
pBacMam2-DiEx-LIC-C-flag_huntingtin_full-length_Q60 Harding et al., 2019 Addgene Cat#111749
pBacMam?2-DiEx-LIC-C-flag_huntingtin_full-length_Q73 Harding et al., 2019 Addgene Cat#111728
pESC-URA-Rng1-GFP Kaganovich et al., 2008 Addgene Cat#21051
pFA6aGFP(S65T)kanMX6 Bahler et al., 1998 Addgene Cat#39292
pFA6-kanMX4 Wach et al., 1994 N/A
pGAL-CG* Park et al., 2013 N/A
pGEX-Htt53Q Schaffar et al., 2004 N/A
Kind gift of

pHR-mCh-Cry2olig Shin et al. 2017 C. Brangwynne;

Addgene Cat#101222
pRS304 Sikorski & Hieter, 1989 N/A
pRS305 Sikorski & Hieter, 1989 N/A
pRS314 Sikorski & Hieter, 1989 N/A
pRS316 Sikorski & Hieter, 1989 N/A
pRS426 Christianson et al., 1992 N/A
pRS416pGAL Mumberg et al., 1994 N/A
pRS416pGPD Mumberg et al., 1995 N/A
pRS306pADH Mumberg et al., 1995 N/A
pRS414pGPD-Sis1 Douglas et al., 2008 Addgene Cat#18687
pYES2-Htt97Q-GFP Ripaud et al. 2014 N/A
pYES2-Htt25Q-GFP Ripaud et al. 2014 N/A
pYES2-myc-20QmCh Park et al., 2013 N/A
pYES2-myc-97QmCh Park et al., 2013 N/A
Ssa3-LacZ-Leu Liu et al., 1997 N/A
pRS316pGPD This study pMG6
pRS316pGAL This study pMG7
pRS316pGPD_mCherry-CRY2olig This study pMG18
pRS305pGPD_mCherry-CRY2olig This study pMG60
pRS316pGAL_mCherry-CRY2olig This study pMG88
pRS305pGAL_mCherry-CRY2olig This study pMG90
pRS305pGPD _97Q-mCherry-CRY2olig This study pMG148
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Name Source Identifier
pRS305pGPD _97Q-mCherry This study pMG150
pRS305pGPD _20Q-mCherry-CRY2olig This study pMG154
pRS305pGPD _20Q-mCherry This study pMG155
pRS305pGPD _97Q-GFP This study pMG158
pRS305pGPD _20Q-GFP This study pMG159
pRS304pGPD _97Q-GFP This study pMG160
pRS304pGPD _20Q-GFP This study pMG161
pRS305pGPD _36Q-mCherry This study pMG185
pRS305pGPD _48Q-mCherry This study pMG186
pRS305pGPD _54Q-mCherry This study pMG187
pRS305pGPD _60Q-mCherry This study pMG188
pRS305pGPD _73Q-mCherry This study pMG189
pRS305pGPD _36Q-mCherry-CRY2olig This study pMG190
pRS305pGPD _48Q-mCherry-CRY2olig This study pMG191
pRS305pGPD _60Q-mCherry-CRY2olig This study pMG193
pRS305pGPD _73Q-mCherry-CRY2olig This study pMG194
pGEX-Htt20Q This study pMG202
pGEX-Htt54Q This study pMG205
pRS426pGAL_tox66Q-mCherry-CRY2olig This study pMG210
pRS426pGAL_mCherry-CRY2olig This study pMG245
pRS426pGAL_20Q-mCherry-CRY2olig This study pMG246
pRS426pGAL_36Q-mCherry-CRY2olig This study pMG247
pRS426pGAL_48Q-mCherry-CRY2olig This study pMG248
pRS426pGAL_60Q-mCherry-CRY2olig This study pMG250
pRS426pGAL_73Q-mCherry-CRY2olig This study pMG251
pRS426pGAL_97Q-mCherry-CRY2olig This study pMG252
pRS426pGAL_tox25Q-mCherry-CRY2olig This study pMG267
pRS426pGAL_tox97Q-mCherry-CRY2olig This study pMG268
pRS306pADH-Rnql1GFP This study pMG269
pESC-URA-Rnq1-GFP_noMyc This study pMG271

Table X5: List of all primer oligos used in Chapter Il of this work. Indicated are the DNA sequence (5’-3’), its source as well
as its internal reference identifier.

DNA Sequence Source Identifier
AAGTTTTCGTATCCGCTCGTTCGAAAGACTTTAGACAAAACAGCT .

This study oMG1
GAAGCTTCGTACGC
TCTTGGTAAGTTTCTTTTCTTAACCAAATTCAAAATTCTAGCATAG

This study oMG2
GCCACTAGTGGATCTG
CGTGATCACGATTCAG This study oMG3
CATGTAGACCAATCTTCG This study oMG4
AGGAATTCGATATCAAGCTTATCGATACCGTCGACATGGTGTCTA .

This study oMG22
AAGGCGAGGAG
GACATAACTAATTACATGACTCGAGGTCGACTCAGTCACGCATGT .

This study oMG23
TGCAG
CCTTTAGTGAGGGTTAATTCCGAG This study oMG42
CCCTATAGTGAGTCGTATTACAATTC This study oMG43
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DNA Sequence Source Identifier
CGCCAAGCTCGGAATTAACCCTCACTAAAG This study oMG44
CGACGGCCAGTGAATTGTAATACGACTCACTATAG This study oMG45
TGAGTCGACCTCGAGTCA This study oMG88
ATGGTGTCTAAAGGCGAGGAG This study oMG111
GTCGACGGTATCGATAAGCTTG This study oMG112
TTCGATATCAAGCTTATCGATACCGTCGACATGTGTGAACAAAAG .

This study oMG113
CTTATTTCTGAAG
CATGTTATCCTCCTCGCCTTTAGACACCATGAATTCCGGTCGGTG .

This study oMG114
CAG
ATTCGATATCAAGCTTATCGATACCGTC This study oMG137
TCCTGCAGCCCGGGGG This study oMG138
TCGACGGTATCGATAAGCTTGATATCGAATCTATTTGTATAGTTC .

This study oMG142
ATCCATGCCATG
TAACTAATTACATGACTCGAGGTCGACTCACTTGTACAATTCATCC .

This study oMG143
ATGCCCC
GGCCCAGCTGTGGCTGAGGAG This study oMG146
CTTTTGAGGGACTCGAAGGCCTTCATC This study oMG147
GAATTCCGGTCGGTGCAGAG This study oMG148
CCAGCTGTGGCTGAGGAGCCTCTGCACCGACCGGAATTCATGGT .

This study oMG149
GAGTAAAGGAGAAGAACTTTTCACTG
TAACTAATTACATGACTCGAGGTCGACTCATTTGTATAGTTCATCC .

This study oMG150
ATGCCATG
TTCGATATCAAGCTTATCGATACCGTCGACATGGACTACAAGGAC .

This study oMG151
GACGATGACAAG
CATGTTATCCTCCTCGCCTTTAGACACCATCAGGGATCCCCCGGG .

This study oMG152
CTG
CTGTGGCTGAGGAGCCGCTG This study oMG169
GAAGGCCTTCATCAGCTTTTCCAG This study oMG170
TAGAACTAGTGGATCCCCCGGGCTGCAGGAATGGATACGGATAA .

This study oMG199
GTTAATCTCAG
ATGGATACGGATAAGTTAATCTCAGAGGCTG This study oMG207
ACCCTCGGAGCCACTACCGGAACCGTAGCGGTTCTGGTTGCCGT .

This study oMG208
TATTG
CGCTACGGTTCCGGTAGTGGCTCCGAGGGTGGTCCGCTCGAG This study oMG209
CAGCCTCTGAGATTAACTTATCCGTATC This study oMG210

Table X6: List of all yeast strains used in Chapter Il of this work. Listed are the genotypes for all strains, their source as well
as internal reference identifier. It is also described how any strain was generated.

Strain genotype Source Identifier
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 SY197 MG31
leu2-3, 112 can1-100 in Klaips et al., 2014 y
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 .

This study yMG33
leu2-3,112 can1-100 pdr5A::kanMX
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG49
can1-100 pdr5A::kanMX leu2-3,112::LEU::PcpomCherry- This study Y

(yYMG33+pMG60)

CRY2olig
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Strain genotype Source Identifier
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG78
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt97Q- This study ( IV\|/G33+148)
mCherry-CRY2olig y
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG8S
can1-100 pdr5A::kanMX leu2-3,112::LEU::PeppHtt20Q- This study y
. (yMG33+pMG154)
mCherry-CRY2olig
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 ura3-1 MGO1
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcrpomCherry- This study ( Mé49 d)
cure
CRY20lig y
74-D694 MATa [pin’] ade1-14 his3-11,-15 trp1-1 ura3-1 MG92
can1-100 pdr5A::kanMX leu2-3,112::LEU::PeppHtt97Q- This study ( MZ—]78 d)
cure
mCherry-CRY2olig y
74-D694 MATa [pin’] ade1-14 his3-11,-15 trp1-1 ura3-1 MG94
can1-100 pdr5A::kanMX leu2-3,112::LEU::PeppHtt20Q- This study ( Méss d)
cure
mCherry-CRY2olig y
74-D694 MATa [pin’] adel-14 his3-11,-15 ura3-1 can1-100 MG103
pdr5A::kanMX leu2-3,112::LEU::PseomCherry-CRY2olig This study v
(yMG91+pMG160)
trp1-1::TRP::PeproHtt97Q-GFP
74-D694 MATa [pin’] ade1-14 his3-11,-15 ura3-1 can1-100 MG104
pdr5A::kanMX leu2-3,112::LEU::PcpoHtt97Q-mCherry- This study Y
. (YMG92+pMG160)
CRY2o0lig trp1-1::TRP::PepoHtt97Q-GFP
74-D694 MATa [pin’] adel-14 his3-11,-15 ura3-1 can1-100 MG106
pdr5A::kanMX leu2-3,112::LEU::PcroHtt20Q-mCherry- This study v
. (YMG94+pMG161)
CRY2olig trp1-1::TRP::PcppHtt20Q-GFP
74-D694 MATa [pin’] ade1-14 his3-11,-15 ura3-1 can1-100 MG120
pdr5A::kanMX leu2-3,112::LEU::PepomCherry-CRY2olig This study Y
(YMG91+pMG161)
trpl-1::TRP::PcpoHtt20Q-GFP
74-D694 MATa [pin’] adel-14 his3-11,-15 ura3-1 can1-100 MG121
pdr5A::kanMX leu2-3,112::LEU::PcroHtt97Q-mCherry- This study v
; “TRP-- (YMG92+pMG161)
CRY2olig trp1-1::TRP::PcppHtt20Q-GFP
74-D694 MATa [pin’] ade1-14 his3-11,-15 ura3-1 can1-100 MG122
pdr5A::kanMX leu2-3,112::LEU::PeppHtt20Q-mCherry- This study Y
. (YMG94+pMG160)
CRY2o0lig trp1-1::TRP::PepoHtt97Q-GFP
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG186
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt36Q- This study v
. (yMG33+pMG190)
mCherry-CRY2olig
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG187
can1-100 pdr5A::kanMX leu2-3,112::LEU::PcppHtt48Q- This study Y
. (YMG33+pMG191)
mCherry-CRY2olig
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG189
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt60Q- This study v
. (yMG33+pMG193)
mCherry-CRY2olig
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 ura3-1 MG190
can1-100 pdr5A::kanMX leu2-3,112::LEU::PeppoHtt73Q- This study Y
. (YMG33+pMG194)
mCherry-CRY2olig
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 ura3-1 MG198
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt36Q- This study v
(yMG186 cured)

mCherry-CRY2olig
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Strain genotype Source Identifier
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 ura3-1 MG199
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt48Q- This study Y
. (yMG187 cured)
mCherry-CRY2olig
74-D694 MATa [pin’] adel1-14 his3-11,-15 trp1-1 ura3-1 MG201
can1-100 pdr5A::kanMX leu2-3,112::LEU::PeppHtt60Q- This study v
. (yMG189 cured)
mCherry-CRY2olig
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 ura3-1 MG202
canl1-100 pdr5A::kanMX leu2-3,112::LEU::PcroHtt73Q- This study Y
. (yMG190 cured)
mCherry-CRY2olig
YPH499 MATa [pin’] ura3-52 lys2-801 ade2-101 trp1-A63 This stud yMG206
is stu
his3-A200 leu2-A1 y (yMG207 cured)
YPH499 MATa [PIN*] ura3-52 lys2-801 ade2-101 trp1-A63 . . .
. Sikorski & Hieter, 1989 yMG207
his3-A200 leu2-Al
74-D694 MATa [PIN*] ade1-14 his3-11,-15 trp1-1 leu2-3,112 This stud yMG258
is stu
canl1-100 pdr5A::kanMX ura3-1::URA::PAaoiRNQ1-GFP y (YMG33+pMG269)
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 can1-100 MG259
pdr5A::kanMX leu2-3,112::LEU::PseomCherry-CRY2olig This study Y
(YMG49+pMG269)
ura3-1::URA::PaonRNQ1-GFP
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 can1-100 MG260
pdr5A::kanMX leu2-3,112::LEU::PcppHtt97Q-mCherry- This study Y
. (YMG78+pMG269)
CRY2o0lig ura3-1::URA::PaonRNQ1-GFP
74-D694 MATa [PIN*] adel-14 his3-11,-15 trp1-1 can1-100 MG262
pdr5A::kanMX leu2-3,112::LEU::PcroHtt20Q-mCherry- This study v
. (YMG88+pMG269)
CRY2olig ura3-1::URA::PAonRNQ1-GFP
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 leu2-3,112 This stud yMG265
is stu
can1-100 pdr5A::kanMX ura3-1::URA::PaorRNQ1-GFP y (yMG258 cured)
74-D694 MATa [pin’] ade1-14 his3-11,-15 trp1-1 can1-100 MG266
pdr5A::kanMX leu2-3,112::LEU::PepomCherry-CRY2olig This study v
(yMG259 cured)
ura3-1::URA::PaorRNQ1-GFP
74-D694 MATa [pin’] adel-14 his3-11,-15 trp1-1 can1-100 MG267
pdr5A::kanMX leu2-3,112::LEU::PcroHtt97Q-mCherry- This study v
. (yMG260 cured)
CRY2olig ura3-1::URA::PAonRNQ1-GFP
74-D694 MATa [pin’] ade1-14 his3-11,-15 trp1-1 can1-100 MG269
pdr5A::kanMX leu2-3,112::LEU::PeppHtt20Q-mCherry- This study v
. (yMG262 cured)
CRY2o0lig ura3-1::URA::PaonRNQ1-GFP
YPH499 MATa [PIN*] ura3-52 lys2-801 ade2-101 .
. . Klaips et al., 2020 YyMG276
trp1-A63::TRP:: his3-A200 leu2-A1 sis1A::kanMX PrertSIS1
YPH499 MATa [pin’] ura3-52 lys2-801 ade2-101 This stud yMG277
is stu
trp1-A63::TRP:: his3-A200 leu2-A1 sis1A::kanMX PrertSIS1 y (yMG276 cured)

167







	Abbreviations & Important Definitions
	List of Figures
	List of Main Tables
	List of Appendix Tables
	Summary
	Introduction
	Protein folding, misfolding and aggregation
	Proteostasis network
	Molecular chaperones
	Small heat shock proteins
	Hsp70s and their Hsp40 co-chaperones
	The yeast Hsp40 Sis1

	The Hsp60s
	Hsp90s
	Hsp100s

	The cytosolic heat stress response

	Neurodegenerative diseases
	Selective cellular vulnerability
	Huntingtin, Huntington’s disease and other polyQ diseases

	The model system S. cerevisiae
	Prions in yeast

	Optogenetics

	Aims of This Study
	Chapter I  The Hsp40 Sis1 Mediates the Stress Response to Protein Aggregation
	Summary
	Results
	Length-dependent aggregation of polyQ in yeast
	Sis1 enables stress response activation by polyQ aggregates
	Sis1 affects physico-chemical aggregate properties
	Sis1 recruits Ssa1 to polyQ aggregates
	Sis1-Ssa1 interaction is important for HSR activation by heat-denatured proteins

	Discussion

	Chapter II  Formation of Toxic Oligomers of PolyQ-Expanded Huntingtin by Prion-Mediated Cross-Seeding
	Summary
	Results
	Rnq1 prion status influences aggregation of expanded polyQ
	Rnq1 prion status does not detectably impair proteostasis
	Characterizing blue light-inducible protein clustering in yeast
	Light-inducible polyQ aggregation
	Light-induced formation of polyQ aggregates in [pin-] cells
	[PIN+] cells accumulate polyQ oligomers responsible for HSR induction
	Toxicity correlates with appearance of oligomeric polyQ species
	Soluble polyQ interacts with Rnq1 prions
	PolyQ oligomers form through direct interaction with Rnq1 prions

	Discussion

	Conclusions
	Materials and Methods
	General materials and methods
	Materials
	Antibodies
	Bacteria strains
	Chemicals, peptides and recombinant proteins
	Commercial assays and kits
	Data
	Software and algorithms
	Other materials

	Molecular biological methods
	Plasmid DNA purification
	DNA sequencing
	DNA restriction digest
	Agarose gel electrophoresis
	DNA gel extraction and purification
	Polymerase chain reaction
	Ligation of DNA fragments
	Gibson Assembly
	E. coli DNA transformation

	Yeast methods
	Yeast culture growth and handling
	Yeast transformation
	GdnHCl treatment
	Yeast colony PCR
	Cycloheximide chase
	β-Galactosidase activity assay
	Growth assay
	Fluorescence-activated cell sorting

	Biochemical methods
	Preparation of yeast cell extracts
	Alkaline lysis and TCA precipitation
	SDS-PAGE
	SDD-AGE
	Immunoblotting
	Filter retardation assay
	Dot blot analysis
	Cell fractionation

	Proteomics
	Sample preparation for total proteome analysis
	Sample preparation for Rnq1-GFP interactome analysis
	Sample preparation for 97Q-Opto interactome analysis
	LC-MS/MS
	Data analysis and visualization

	In vitro methods
	Recombinant protein expression
	Recombinant protein purification
	In vitro aggregation assay

	Microscopy
	Confocal imaging
	Analysis of aggregate density
	Analysis of Ssa1 enrichment
	Cluster disappearance
	Fluorescence recovery after photobleaching


	Cloning and yeast strains related to Chapter I
	Molecular cloning
	Yeast strains

	Cloning and yeast strains related to Chapter II
	Molecular cloning
	Yeast strains
	Yeast culture growth and handling


	References
	Appendix



